
I -. .. SC71046.FR

-: AD-A284 390 Cpy No. L
Fundamental Studies of Diamond Growth

and Surface Reactions

I Final Report
for February 01, 1991 through May 31, 1994

CONTRACT NO. N0001 4-91 -C-0048

Prepared for:

Scientific Officer 1 4 -994
Division Head, Materials Division

Office of Naval Research F
800 North Quincy Street
Arlington, VA 22217-5000

Attn: Dr. Pohanka

Prepared by: This doc=uIn -CZ -eeo approved
fm public r 1- ad zale; its

Alan B. Harker iiu -is --

I July 1994

I\•\ 94-29745

' Rockwell International
Science Center

I ii



I
I
I

The Contractor, Rockwell International Corporation Science Center, hereby 1
certifies that, to the best of its knowledge and belief, the technical data
delivered herewith under Contract No. is complete, 3
accurate, and complies with all requirements of the contract. I

•__•I _____,- '-I -
Date , Name end Title of Certifying Official

I
I
I
I
I
I
I
I
I
I
I
I



Science Center

I SC71046.FR

Table of Contents

Page

I 1.0 Introduction ................................................

2.0 Effects of Growth Conditions on Microstructure .......................................... 1

I 3.0 Micro-Lithograyhy ............................................................................ 4

4.0 Polishing ...................................................................................... 5

Metal Plate Lapping .................................................................. 6

Molten Metal Dissolution .................................. 7

Molten Salt Exposure ................................................................ 7

1 5.0 Charge Induced Electron Contrast Imaging ................................................ 9

6.0 Characterization of Spectroscopic Properties of Diamond ................................ 9

7.0 Bonded Diamond Composite Windows ................................................... 10

8 8.0 Residual Stress Characterization ........................................................... 11

9.0 Summary ..................................................................................... 13

10.0 References .................................................................................... 15

11.0 Appendix ..................................................................................... 17

1. Properties of Low Temperature Plamsa CVD Diamond Films ................. 17

2. Temperature and Reactive Etching Effects on the Microstructure of
Microwave Plasma Deposited Diamond Films ................................... 25

I 3. Microstructure of Diamond Films as a Function of Deposition Conditions... 32

4. Microstructural Control of Diamond Thin Films by Microlithographic
Patterning ............................................................................. 40

5. Microstructure and Orientation Effects in Diamond Thin Films ................ 47

6. Pressure Effects in the Microwave Plasma Growth of Polycrystalline
SDiam ond .............................................................................. 53

7. The Polishing of Polycrystalline Diamond Films ............................... 61

DTIC QUALrrY INSPECED 3

- C12818D/dlc



Science Center

SC71046.FR

I 8. Liquid Jet Impact Measurements in Diamond Coated Ge Substrates ........... 71

9. Reactive Polishing of Polycrystalline Diamond and Measured Spectroscopic
Properties .............................................................................. 77

10. Effects of Interfacial Modification on Diamond Film Adhesion ................ 82

11. Fabrication and Characterization of Diamond Moth Eye Antireflective Surfaces
on G e .................................................................................. 89

12. Adhesion Improvement in Diamond Films by Microlithographic Patterning.. 96

13. Residual Stress Measurements on Polycrystalline Diamond .................... 102

14. Diamond Gradient Index "Moth Eye" Antireflection Surfaces for LWIR
W indow s .............................................................................. 111

15. Direct Observation of the Defect Structure of Polycrystalline Diamond by
Scanning Electron Microscopy ..................................................... 119

16. Charge-Sensitive Secondary Electron Imaging of Diamond Microstructures. 123

17. Temperature Dependence of Absorption in CVD Diamond ..................... 128

1 18. Investigations of Stress in Polycrystalline Diamond ............................. 137

Accesion For
NTIS CRA& LL

DTIC IA3

I
U n a nounfced !1

Iu lfc to1 .............

Avabib:h'ty cje

Dist Av c;•1 or

I

I
I

iv
C12818D/dlc

I



Science Center

SC71046.FR

I LIST OF FIGURES

IFigure Page

1 Scanning electron micrograph of (100) textured diamond crystallites
showing strongly defined step or ledge growth ...................................... 2

2 A diamond single crystal growing in the (100) direction, which
shows very heavy renucleation at the grain edges not directly exposed
to the prim ary plasm a .................................................................. 3

3 Scanning electron micrograph of a polycrystalline diamond surface withlow hydrogen impurity content The microstructure haspreferential (220) and (I 11) texture ................................................... 4

S4 Schematic of heated metal stylus diamond lapping apparatus ....................... 7

5 Scanning electron micrographs of a polycrystalline diamond surface
before and after etching by lithium fluoride ............................................ 8

6 Scanning electron micrograph of a diamond moth-eye textured surface ........... 11

I 7 Schematic of the multicamera arrangement developed to observe the
growth plasma emission and the temperature distribution on the

I diamond growth surface in an MPACVD chamber .................................. 12

8 Scanning electron micrograph of growth stress induced surface
cracking in a (220) oriented polycrystalline diamond ............................... 13

25 32 40 47 53 61 71 77 82 89 96 102 111

I
1
I119 123 128 137

I
I

v
C12818D/dlc



Science Center

SC71046.FR

1.0 Introduction

This report summarizes the research carried out during the period March 1991 through May

1994 at Rockwell Science Center under ONR contract No. N00014-91-C-0048. This contract was

part of the ONR directed effort on the development of polycrystalline diamond as an optical

material. A primary focus of the research was investigating the relationships between the

microstructure of polycrystalline diamond and its optical and mechanical properties. The program

also involved a considerable effort in the development of characterization techniques for observing

the fundamental properties of thick and thin diamond films. A secondary goal of the research was

the investigation of the surface reactions of diamond to evaluate their potential for reactive

polishing applications. Polishing is critical not only to the ultimate application of diamond as an

optical material, but also to the characterization of its detailed microstructure.

Also included in this program was an additional task, funded by the Naval Air Warfare

Center Aircraft Division (NAWCAD) at Warminster, PA. The additional task was to devise a

methodology for bonding diamond with an integral gradient index antireflective surface (moth-eye)

to germanium and zinc sulfide and to provide samples of the bonded composites to NAWCAD for

liquid jet impact testing.

The research conducted under this program resulted in a number of technical articles
describing the detailed findings. Reprints of these articles are appended to this report, which

summarizes the significant results.

2.0 Effects of Growth Conditions on Microstructure

Much of our reported activities have dealt with developing an understanding of the

empirical relationships between microwave plasma assisted chemical vapor deposition (MPACVD)

growth chamber conditions and the resultant microstructure of the polycrystalline diamond films.
The program findings have been largely published in a series of articles relating growth conditions

and the competition between etching and growth to the observed microstructure. The primary

findings as they relate to the development of optical quality polycrystalline diamond are that the

conditions which produce the least (100) facets in the films provide the highest optical

transparency 5.

Not clear is if the conditions that produce the (100) orientation in the films also lead to sp2

and hydrogen impurities or whether the (100) facets themselves provide host sites for the

I
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impurities. We have observed several features associated with (100) facet development that indicate

that this orientation is both formed under conditions unfavorable to high purity diamond growth

and that this facet itself promotes inclusions and impurity stabilization. These include:

a) Step Growth: Films that have the diamond (100) axis largely normal to
the growth plane exhibit a strong step growth (Figure 1). This produces a high
number of growth sites in which multiple bonds are involved in the addition of new

carbon radicals to the growth surface, thus providing increased opportunities for

impurity stabilization.

I

I
I

I SCP.0487C.072594

Fig. 1. Scanning electron micrograph of (100) textured diamond crystallites showing strongly
defined step or ledge growth.

b) Non-Diamond Carbon At Grain Boundaries: In our plasma torch single

I crystal growth studies with (100) seeds, we have routinely observed that the rapid
out-of-plane growth of (100) facets produces a high level of renucleation at the

I grain edges (Fig. 2). Thus, though the exposed (100) face appears highly
crystalline, the grain edges show distinct non-diamond morphology either due to
physical shielding of the grain edges from the plasma or the stabilization of

renucleation centers.

2
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ScP.0488C.072594

Fig. 2. A diamond single crystal growing in the (100) direction, which shows very heavy
renucleation at the grain edges not directly exposed to the primary plasma.

I c) (100) Growth Conditions: The (100) facets are the first to appear when

growth conditions move away from amorphous carbon and into the diamond
formation regime (i.e., high carbon content, low etchant concentration).

I d) Growth Rates: The highest rates of growth appear associated with (100)
crystallites, indicating a very high level of stabilization of ad-atoms ve1 -sus etching.

I At the extreme of low carbon reactant concentration, diamond crystallite growth only

slightly exceeds the rate of surface etching by H atoms and other reactive species. Under theseI conditions (220) axis normal oriented films are prevalent. The dominant exposed facet is the

triangular (111) face of diamond and individual grains grow to termination. Renucleation and twin

Sdefects provide the dominant method of continued grain development. The rapidly etched (100)

grains are generally absent from films grown under these conditions (Fig. 3).I
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Fig. 3. Scanning electron micrograph of a polycrystalline diamond surface with low hydrogen
impurity content. The microstructure has preferential (220) and (111) texture.

Of the preferentially oriented films grown in this program, those with the (220) and related

(331) axis normal to the growth plane have exhibited the highest optical transparency. This is

consistent with the properties of films produced by other organizations that we have had the

opportunity to characterize. These films are generally grown at hydrocarbon concentrations of 0.25

to 0.5% at temperatures of 750 to 1050'C and with the presence of oxygen or water. High etching

levels to remove impurities is critical to producing the films with minimum hydrogen impurities.

S3.0 Mlcrolithography of Diamond Surfaces

During the study of diamond microstructures, it became clear that the presence of scratches

and other surface features greatly influenced both the nucleation and adhesion of the growing

diamond film. To further explore this phenomenon, a number of different grid and line patterns

I were generated on the surfaces of silicon and fused silica substrates, and films were grown under

conditions that produced significant levels of tensile stress at the diamond-substrate interfaces.

SFilms grown on substrates without etch patterns often showed loss of adhesion. Those films
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grown on etched substrates remained adhered up to and past the point where the interfacial stresses

caused subsurface fractures in the substrates.

The presence of fine scale (1 to 3 micron) features etched into a substrate surface also

produced much more dense nucleation and often created highly regular grain shapes in the initial
film. These results established the basis for improving the adhesion of diamond films to dissimilar

substrates such as germanium and zinc sulfide and provided the necessary technology to produce
the first diamond moth-eye, gradient optical index of refraction, antireflective surfaces. These

results were reported in several scientific publications4 ,1 0.1 1.

4.0 Polishing

To examine the detailed microstructure of the polycrystalline diamond it is necessary to

remove the gross surface features. This permits the use of optical microscopy to probe the depth of

the transparent material and the investigation of detailed defect structure through the use of the
charge contrast electron backscatter imaging technique developed under this contract 16. High
quality polishing is also required to obtain an absorption coefficient as a function of wavelength
and to investigate the temperature dependence of the absorptions in the material.

In the diamond gem industry, mechanical polishing procedures have been developed to

obtain an optical quality finish on small-scale diamond surfaces. The general process involves

either mechanical abrasion on high speed laps with oil and diamond grit, or single point turning
with a diamond tip. Mechanical polishing has been the initial method of choice for use with

polycrystalline diamond plates; however, with larger sized parts becoming available, the time

scales and yields involved become increasingly undesirable.

Altenmative approaches to diamond polishing that have been evaluated include reactive ion

etching, ion implantation, laser ablation, and direct contact at high temperature with metals and

SiOx surfaces. Each of these processes has some potential, but suffer in ease of adaptation for the
optical finishing of both flat and curved surfaces.

Primary attention in this program was given to exploring reactive techniques that have the

potential for ease of scaling to larger sizes and shaped surfaces. Specific systems investigated
included hot iron and manganese plate lapping, molten rare earth contact, reactive ion etching in

oxygen and hydrogen, and molten salt exposure. Each technique achieved some degree of success,
and each had rather severe limitations.

5
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Metal Plate Lapping

A series of experiments were carried out to evaluate the use of iron and steel alloy plates as

lapping surfaces for the removal of the coarse roughness of CVD diamond surfaces. The

experiments were run at temperatures from 650 to 900°C and used plates made of base iron, base

manganese, cast iron, and several soft steel alloys. The results of the experiments with iron plate

lapping were reported in the literature 7.9.

The critical observation was that the direct contact diamond-iron lapping process was

extremely temperature dependent. At the alpha to gamma phase transition point, 723°C, carbon

solubility of iron increases by a factor of 40 to 0.8%. At temperatures above this, the dissolution of

diamond into iron is significantly accelerated. The reaction is solubility limited but can be run

continuously if a hydrogen atmosphere is maintained to reactively convert the dissolved carbon to

methane.

The same basic reaction occurs with other transition metals with carbon solubility;

however, temperatures above 725'C are generally required. The primary limitation of the process

then becomes one of maintaining the desired physical contact and orientation between the lapping

plate and diamond surface.

Our primary success in the use of the metal-diamond contact polishing came through the

use of a heated metal stylus tracing over the surface of a rotating diamond plate. The schematic in

Fig. 4 shows the basic mechanical arrangement. With a stepping motor controlling the sway rate

and amplitude, the stylus could be passed over the surface with a controlled load and maintain

contact at all times. This approach is capable of producing an extremely fine surface finish with a

roughness less than 0.4 nm by atomic force microscopy. This approach is also capable of

following contours and is perhaps best suited to final lapping rather than to general area surface

facet removal.

Reactive oxygen ion etching was also studied and reported in the literature7. The basic

process consisted of using a heated substrate holder to immerse the diamond part in a reactive

oxygen plasma operating at about 100 watts and 300 millitorr. The greatest limitation was the

exaggerated rate of etching at grain boundaries. This was overcome by initially coating the

diamond surface with a thin gold layer and then mechanically abrading the surface to expose the

tallest diamond facets. The part could then be etched until the full surface was exposed and gross

roughness was removed. This process was, however, fairly slow, with the rate decreasing with

6
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HOT TIP DIAMOND POLISHER SCHEMATIC

OPERATION IN 20 TO 80 TORR OF HYDROGEN
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Fig. 4. Schematic of heated metal stylus diamond lapping apparatus.

time to about 1 micron per hour after exposure for a period of 4 hours. The initial rates seemed to

be much higher due to the localization of the plasma near the exposed high facets. These initial

rates were as high as 20 microns/hr, but were not sustained.

Molten Metal Dissolution

Studies with molten metal dissolution were limited to lanthanum and cerium metals. In both

cases the viscosity of the melt required that the diamond be submerged. The result was a rounding

of all surfaces during the dissolution, with saturation of the liquid metal by carbon being the

limiting feature. High rates of dissolution, 50 to 200 microns/hour, were achieved with small parts

in an inert atmosphere by this approach. The limitations of scaling are those associated with trying

to establish controlled contact with a viscous molten metal.

Molten Salt Exposure

A range of molten salts including nitrates, hydroxides, chlorides, and fluorides was

evaluated for their use as reactive polishing agents. The primary disadvantage of the salt approach

7
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was the slow rates and the nreferential etching of grain boundaries and defect zones. Figure 5

shows before and after micrographs of a large grained sample exposed to molten lithium fluoride

for 24 hours. The facets show general area etching; however, grain boundaries and etch pits have

3 been opened up to a far greater degree.

I

I

(a) 
(b)

Before Etch After Etch

I
I
I

(c)

3SCPo•4C 079 Grain Edge Etching

Fig. 5. Scanning electron micrographs of a polycrystalline diamond surface before and after3 etching by lithium fluoride.

Based on the above results, we focused primarily on the development of the metal stylus tip

I polishing approach during the ONR program. The polishing levels achieved were so near to the

atomic level that new levels of microstructural characterization by electron microscopy became

U possible.

I 8
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Since the end of technical efforts on this program, we have extended the metal polishing
technology under IR&D. These experiments have resulted in the discovery of a combined metal-
metal salt polishing approach that relies on the salt to transport metal cations to the diamond surface

for reaction. The reaction rate (mg/hr of etching ) has been shown to be linear with time to beyond
24 hours exposure, and the process appears to provide isotropic etching with (220) oriented films.5 The mechanism is still under study; results will be reported in the literature as they become

available.

I 5.0 Charge Induced Electron Contrast Imaging

3 The high levels of surface smoothness made possible by the metal tip polishing technique
led to the discovery that diamond samples placed in the electron microscope without a conductive

coating showed very uneven charging effects, which were most noticeable in the secondary

electron imaging mode. Detailed studies revealed that the charging phenomenon was associated
with variable rates of local charge dissipation through highly local conductive pathways in the

sample. The variable charge dissipation rates produce areas of dark and light contrast in the

samples, which provide a direct image of the near-surface crystalline defect structure.

I Details such as grain boundaries, twin boundaries, and the unique five-fold multiple twin
defect can be observed on the surface of the diamond films. Extension of the technique to samples

polished by other techniques showed that the Edge Technologies, Inc., reactive diamond polishing
approach provided sufficient surface smoothness to observe the effect as did large as-grown facets
of individual crystallites with unpolished samples. The methodology for the technique is described

in two journal articlesl6. 17.

I 6.0 Characterization of Spectroscopic Properties of Diamond

3 To relate the microstructure of the diamond films to their spectroscopic properties, a

number of temperature dependent infrared and microwave measurements were carried out with3 samples supplied by the major diamond fabricators. These measurements consisted of infrared

transmission and emission measurements between 2 and 15 microns wavelength and a direct
spectroscopic measurement of the dielectric constant and loss tangent of polycrystalline diamond at

37 GHz in the millimeter wave region. The temperature dependence of these properties was
observed between 300 and 750K.

C12818D/dlc
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The principal results of these measurements have been reported at the annual program
reviews and made available to Dr. Daniel Harris, the program technical contract monitor. Three

publications also resulted from these efforts9 ,12,2 0. The measurements showed a strong correlation3 between the observed spectroscopic properties and sample microstructures. The microwave loss

tangent measurements correlated directly with the impurity levels in the samples, which acted as5 absorption centers. The dielectric constant was, however, fairly consistent for all samples and

agreed well with the single crystal value.

I In the highest optical quality samples, the absorption coefficient and emission at 10-12

microns wavelength was near the limit of detection for the dual and single beam spectrometers used3 in the measurements. Only at the highest temperatures investigated, 600-750K, was signal

sufficient to obtain accurate measurements. The best quality samples had room temperature

extinction coefficients ranging from 0.1 to 0.3 cm-1 at 10 microns wavelength and had preferred

(220) and (111) crystalline orientations. The highest quality sample ((220) oriented) had a

measured emissivity of 0.02 at 10 microns wavelength at 748K at a thickness of 0.914 mm,

corresponding to an extinction coefficient of 0.22 cm-1 at that temperature.

I 7.0 Bonded Diamond Composite Windows

As an additional task to the basic ONR program, a more directed technical effort was

carried out for NAWCAD, Warminster, PA. The added task was to evaluate techniques for
achieving diamond hardening layers on germanium infrared windows and to deliver such samples3 to NAWCAD for impact damage testing. This program evaluated both the growth of diamond on

germanium and the bonding of diamond plates to germanium using a long wave infrared

transparent adhesive developed at the Science Center.

The initial work in growing diamond on germanium took advantage of previous efforts in

using lithography to control and induce the nucleation and adhesion of diamond on dissimilar
surfaces4 . This work resulted in the first-ever diamond moth-eye antireflective surface being3 grown on an IR transparent substrate1 1. The diamond moth-eye on germanium had excellent

optical properties (> 95% transmission) and abrasion resistance, but was not thick enough for high

impact damage resistance.

The first diamond layers bonded to germanium and zinc sulfide were prepared and tested

by liquid jet water drop impact. The initial results were quite encouraging, showing that damage

levels in both germanium and zinc sulfide could be improved by at least 150 m/s with a diamond

C12818D/dlc
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layer of about 50 microns 8,13. Later work focused more on the optimization of the physically
graded index of refiraction moth-eye surfaces (Fig. 6) to provide an all-diamond optical surface for

high impact resistance applications. These results were the first experimental verification of the

basic design rules for the microscopically textured surfaces, and the results were reported in the

literaturel 5 ,19 .I

I
I
I
I
I

Fig. 6. Scanning electron micrograph of a diamond moth-eye textured surface.

The use of the moth-eye antireflection surfaces in diamond and the concept of using

adhered layers for improved rain erosion resistance is being furthered developed under Air Force

sponsorship22. Under this continued development effort, a 340 micron thick diamond plate bonded
to zinc sulfide has been demonstrated to withstand 650 mph rain impacts in the Wright Materials

Laboratory whirling arm facility; and the moth-eye surface features can survive this level of erosion

exposure23.

1 8.0 Residual Stress Characterization

Much of the later work in the program was centered on determining stress levels in

growing polycrystalline diamond films and attempting to determine the extrinsic and intrinsic

C12818D/dlc

I II I Ii •, ,,,|



II| | I m

Science Center

SC71046.FR

sources. Much of the work involved establishing characterization tools for both observing the
samples during growth and carrying out post-growth lattice strain measurements. The in-situ
temperature and plasma observation studies involved the use of digital CCD cameras with

sensitivity from the visible to 1.1 microns wavelength in the near infrared (Fig. 7.). Sample
temperature distributions were observed and related to macroscopic strain in the silicon substrates.
These studies showed that substrate distortion was related both to the absolute temperature and the
temperature distribution on the growing surface. Competition between the differential thermal

* expansion stress and the tensile growth stresses could produce measurable residual stresses of 200
to 300 MPa in the surface on the diamond films on silicon. These stresses are greatly relieved
when the sample is removed from the substrate. Even more significant was the observation that

anisotropic distortion in the substrate and growing diamond film could be observed in 2-inch
diameter samples when surface temperatures varied by more than 10K across the surface.

I
SC 3301T 091693

Visible.- SWIR OMA /Mid-IR Output Wavelength
Spectral Output Selection

li d_ _ IOptical Fiber
CouplingsPln-t::3:.o cooc,2o,,°,,Z13]]

Fiber InputOpt

Zon Infrared Image

Optical Fiber Fiber Coupling

i Cooled Stage

Fig. 7. Schematic of the multicamera arrangement developed to observe the growth plasma
emission and the temperature distribution on the diamond growth surface in an MPACVDchamber.

I Since the growth stresses were sufficient to induce surface cracks in the growing samples
(Fig. 8), more detailed studies of stress distribution were carried out. The basic analysis tool was

12i C12818D/die
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I electron channeling in a scanning electron microscope (SEM) equipped with the beam rocking

feature for this technique. Measurements of the line spacings and crossing angles in these highly

symmetric patterns provide data on lattice strain and direction. Using the electron channeling

technique for mapping showed that the strains were balanced within the individual grains, and that

the strain distributions conformed to the general shape of the grains and the presence of defect

boundaries. Measurements at twin defects showed lower levels of strain near the twin boundary.

Strains equivalent to stress levels of 500 to 800 MPa can be resolved in diamond by this technique,

and such strains were observed to be present in individual grains 18,2 1.

I
!I
I

I Fig. 8. Scanning electron micrograph of growth stress induced surface
cracking in a (220) oriented polycrystalline diamond.

9.0 Summary

The research conducted in this program covered a fairly wide area and was reoriented

several times to address the emerging technical issues in diamond growth. Progress in this and

other laboratories often made current studies less pertinent as diamond growth techniques matured.

Issues that are still of great concern are the need to control growth stresses and to improve post

growth polishing techniques. We are addressing these areas through attempting to produce more

II 13
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equiaxial grain morphologies for stress control and the use of metal + metal salt reactive etching.
The issues of growth rates, area coverage, and expense are being addressed in numerous

laboratories as commercialization of the technology occurs.

The investigators in this program are grateful to the Office of Naval Research for

sponsoring this very exciting research program and acknowledge the technical input and helpful

direction provided by Dr. Robert Schwartz, Dr. Daniel Harris, and Mr. Michael Wilson, the

program technical contract monitors.
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I Properties of low temperature plamsa CVD diamond films

Alan B. Harker

Rockwell International Science Center
Thousand Oaks, CA 91360

ABSTRACT

In the microwave plasma deposition (PECVD) of diamond from methane, the variables
available for controlling the microstructure of the resulting films are the plasma composition
and density, the substrate surface properties, and the temperature. It has been demonstrated
that the competition between nucleation site formation and the rate of reactive plasma etching
is the critical feature in the development of the film microstructure. Through reducing the
deposition temperature and enhancing the etching rates of sp2 carbon, fine grained opticalE quality diamond films have been produced.

INTRODUCTION

A critical limitation in the exploitation of synthetic diamond films is the need to control
their microstructure. Wide band-gap semiconductor applications require hetero-epitaxial films
while highly smooth, fine grained polycrystalline films are needed for tribological and optical
applications. In this work a parametric study has been carried out to determine the process
variables controlling the microstructure and crystallinity of sp3 bonded diamond films produced
from a microwave-induced plasma composed of methane, hydrogen, and oxygen. The primary

analytical tools used in the study were infrared spectroscopy, electron microscopy, and Raman5 scattering spectroscopy.

In the formation of diamond films the initial process involves the formation of chemical
bonds between the substrate and carbon-carbon and carbon-hydrogen bonded molecules. These
nucleation centers than act as sites for the bonding of additional adatoms and clusters. This
typical film growth process is limited, however, by the reactive etching of the growing film by
the excited hydrogen, oxygen, and radical species such as OH present in the plasma
environment. The ability to produce pure crystalline diamond relies on the process conditions
being established in which the sp2 bonded, graphitic carbon, and carbon-hydrogen bonds are
etched away at a rate sufficiently fast that only the more strongly bonded metastable sp3
diamond carbon remains in the growing film. Hence, the process of attempting to control the
microstructure in the diamond films must be considered as one of balancing the rates of the
nucleation, growth, and etching processes occurring in the system.

* EXPERIMENTAL

The deposition experiments were carried out in a turbomolecular pumped stainless steel
vacuum chamber equipped with an Applied Science and Technology 1000 W magnetron plasma
source. The chamber had a baked base pressure of 10-8 torr. Experimental conditions ranged
from pressures of 12 to 50 torr with substrate temperatures of 450 to 1150°C as measured by
infrared pyrometry. In all cases the pyrometric measurements were made on Si wafers with an
assumed emission of 0.96. Gas mixtures were typically hydrogen containing I volume percent
methane and 0.25 volume percent oxygen. Substrates used in the experiments were (100)
oriented silicon wafers, fused quartz, random oriented sapphire, (100) germanium, and (100)3 natural diamond.

in Proceedings of Diamond Optics II", SPIE 33rd Annual
International Symposium on Optical and Optoelectronic Applied
Science & Engineering, San Diego, CA (Aug. 6-11, 1989) pp.
152-158, (1989).
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I Microstructural characterization of the films was carried out by electron microscopy using
a Phillips 400 and CM-30 for transmission electron microscopy (TEM) and selected area electron
diffraction (SAD) analysis. Scanning electron microscopy (SEM) and selected area electron
channeling were also used. Spectroscopic analysis included infrared transmission and reflection
measurements with a scanning dual beam spectrophotometer, integrating sphere light scattering
measurements at 3.39 urn, and micro-Raman scattering. The micro-Raman scattering measure-
ments were made with a nominal 5 um spot size, which could be defocused to obtain broader
area analysis.

RESULTS AND DISCUSSION

As previously reported by other investigators, ', 2, 3 a plasma discharge of 1% CH4 in H2 at
low pressures and temperatures between 800 and 1200 0 C produces the nucleation and growth of
diamond and diamond-graphite films. These films are typically polycrystalline, highly faceted,
and have individual grains with linear dimensions ranging from 3 to 10 urm as shown in the
scanning electron micrograph in Figure 1. The film microstructure in Figure 1 is from a region
of film growing directly below the visible discharge in the chamber at 1040°C. The grains are
strongly faceted and show the dominance of individual grain growth over nucleation. The major
limitation in the out-of-plane growth of the individual crystallites is the high density of
twinning and stress induced defects. These defects cause continual reorientation of the
crystalline faces during deposition, inhibiting grain growth and reducing any orientation of the
film to the substrate. The size of the individual grains is determined in part by the density of
the initial nucleation centers and in part by the development of new growth directions in the

I individual crystallites.

F

I
I
I

I Fig. I. Scanning electron micrograph of a highly faceted diamond film deposited at l04O°C.

I
I
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1 The density of nucleation sites is relatively low due to the high mobility of the plasma
generated species arriving at the substrate, and the high temperature of the substrate itself.
Lattice matching and several surface pretreatments, such as scratching with diamond grit, can
enhance the density of nucleation centers, but such high temperature films typically have super-
micron grain size and rough faceted surfaces which cause light scattering.

I Oriented Grain Growth

For optical and electronic applications epitaxial film growth or at least grain-oriented
polycrystalline films with smooth surfaces are desired. In order to achieve such growth, both
the lattice match between the diamond film and substrate and the etching versus deposition
rate must be maximized. High lattice match optimizes the potential nucleation site formation
with direct relationship to the substrate lattice, while increasing the etching process favors the
removal of less stable defect based growth sites. Further enhancement in orientation comes
from reducing the deposition temperature to limit stacking faults, twinning, and other stress
related defects.

By maintaining all conditions the same as described above, but dropping the deposition
temperature to nominally 450*C, a significant reduction in the degree of stress related defects
can be achieved as shown by TEM analysis. The result of the lower density of defects in the
nucleating grains is that existing grains have the opportunity to grow while maintaining their
original orientation to the substrate.

The effect of reducing the stress in the growing film, while enhancing the formation of
nucleation centers at lower temperatures is the formation of finer grained, oriented films on
(100) Si substrates and the formation of stress free homo-epitaxial films on (100) natural
diamond substrates. Figure 2 shows SEM micrographs of two films formed on (100) silicon
substrates at a nominal substrate temperature of 450°C at different distances from the plasma
ball. The finer grained film, formed 1.5 cm from the plasma is randomly oriented. The slightly
coarser film, formed directly beneath the plasma ball, is oriented with 220 plane parallel to the
100 plane of the substrate. The orientation of the textured film can be seen by the significant
enhancement of the 220 Bragg reflection in Figure 3.

When a natural (100) oriented diamond substrate was coated under the same conditions as
used for the oriented film on silicon (30 torr, 1% CH4 in H2, 0.25% 02 450 0C) a homo-epitaxial
film was formed. The epitaxial nature of the film was confirmed by X-ray diffraction and
electron channeling in the SEM. The channeling pattern in Figure 4 which shows the diamond
cubic symmetry propagated throughout the film, would be totally absent if any significant stress
or lack of orientation was present in upper 100 nm of the film. Raman and IR analysis of the
films shows them to be true diamond with little sp2 bonding contribution (Figure 5). Figure 6
shows the calculated (assun.ing a refractive index of 2.4) and observed transmission from a
1.9 Urm thick diamond film on silicon formed at 4500 C. The good agreement shows the lack of
scattering and adsorption in the 6 to 50 um spectral region of the IR.

I CONCLUSIONS

The microstructure and orientation in diamond films formed on silicon substrates from a
microwave-induced plasma of CHl in H2 can be highly modified by the addition of reactive
etchants such as oxygen, altering the deposition temperature, and altering the distance of the
substrate from the plasma center. Higher temperatures favor low nucleation rates, enhanced
grain growth and high defect levels. Lower temperatures favor nucleation, lower stress, and
sustained orientation to the substrate. The presence of oxygen in the plasma serves to enhance
faceted growth through the preferential etching of non sp3 bonded species forming on the film

I
I
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I

I
I
I (a)

I

i "(b)

Fig. 2. Scanning electron micrographs of (a) a fine grain randomly oriented diamond film on
(100) silicon and (b) a oriented diamond film on (100) silicon, both deposited at a
nominal surface temperature of 450 0 C.

surface. At substrate temperatures below 500°C fine grained oriented diamond films have been
produced upon (100) silicon and full epitaxy has been achieved on natural (100) diamond.
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I Fig. 3. Scanning x-ray diffraction
pattern of a (220) oriented diamond
film formed on (100) silicon.I
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Fig. 4. An electron channeling pattern produced from a 2 um thick homo-epitaxial diamond
film formed on a type 2A (100) natural diamond.
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I Fig. 5. Micro-Raman spectra taken from a homo-epitaxial diamond film and a polycrystalline
random diamond film formed at 450*C.

SCS6039

100

3 so

-40

30 o EXPERIMENTAL DATA
20- -THEORETICAL BEHAVIOR
S10- FOR N . 2.4

0 .- L L ' L ' - ' I .I I

8 a 10 12 14 16 18 20 22 24 26
WAVELENGTH (micronsl

Fig. 6. The calculated and observed (squares) transmission of a diamond film on silicon. The
film is 1.9 uim thick with an assumed optical index of refraction of 2.4.I
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In the microwave induced plasma deposition of diamond from methane-
hydrogen-oxygen mixtures, the variables available for controlling the microstructure
of the resulting films are the plasma composition and density, the substrate surface
properties, and the temperature. It has been demonstrated that the competition
between nucleation site formation and the rate of reactive plasma etching is the critical
feature in the development of the film microstructure on silicon substrates. On diamond
substrates, the favorable lattice match dominates and homo-epitaxial films are formed
over a wide temperature range. Raman scattering studies also demonstrate that the
reactive etching of the diamond surface by oxygen-containing species is critical to the
removal of non-diamond carbon species over the temperature range 450-1050 *C.I

I. INTRODUCTION equipped with an Applied Science and Technology

A critical limitation in the exploitation of synthetic 1500 W magnetron plasma source. The chamber had a
diamond films is the need to control their micro- baked base pressure of 10-" Torr. Experimental condi-
structure. Wide band-gap semiconductor applications tions ranged from pressures of 3 to 50 Torr with substrate
require single crystal films while highly smooth, poly- temperatures of 450 to 1150 *C as measured by infrared
crystalline films are needed for tribological and optical pyrometry. In all cases the pyrometric measurements
applications. In this work a parametric study has been were made on Si wafers with an assumed emission of

carried out to determine the process variables con- 0.96. Gas mixtures were typically hydrogen containing
trolling the microstructure and crystallinity of sp3 0.3 to I vol. % methane and up to 1 vol. % oxygen. Sub-
bonded diamond films produced from a microwave in- strates used in the experiments were (100) oriented sili-
duced discharge of mixtures of methane, hydrogen, and con wafers and (100) type 2A natural diamond.
oxygen. The primary analytical tools used in the study Microstructural characterization of the films was
were infrared spectroscopy, electron microscopy, and carried out by electron microscopy using a Phillips
Raman scattering spectroscopy. CM-30 for transmission electron microscopy (TEM) and

In the formation of diamond films the initial pro- selected area electron diffraction (SAD) analysis. Scan-
cess involves the formation of chemical bonds between ning electron microscopy (SEM) and selected area elec-
the substrate and crystallized clusters of carbon-carbon tron channeling were also used. Spectroscopic analysis
and carbon-hydrogen bonded molecules. These nucle- included infrared transmission and reflection measure-
ation centers then act as sites for the bonding of addi- ments with a scanning dual beam spectrophotometer, and
tional adatoms and clusters. This typical film growth micro-Raman scattering. The micro-Raman scattering
process is limited, however, by the reactive etching of measurements were made with a nominal 5 micron
the growing film by the excited species present in the spot size, which could be defocused to obtain broader
plasma environment. The ability to produce pure crys- area analysis.
talline diamond relies on the process conditions being
established in which the sp2 bonded, graphitic carbon, Ill RESULTS AND DISCUSSION
and carbon-hydrogen bonds are etched away at a rate As previously reported by other investigators," a
sufficiently fast that only sp3 diamond bonded carbon microwave induced plasma of CH4 and 02 in H 2 at low
remains in the growing film. Hence, the process of at- pressures and temperatures between 800 and 1200 *C
tempting to control the microstructure in the diamond produces the nucleation and growth of diamond and
films must be considered as one of balancing the rates diamond-graphite films on a range of substrate materi-
of the nucleation, growth, and etching processes occur- als. These films are typically polycrystalline, highly
ring in the system. faceted, and have individual grains with linear dimen-

sions ranging from 3 to 50 micrometers. The large grain
size is indicative of a low density of nucleation sites inThe deposition experiments were carried out in a the films formed at high temperatures. This can be

turbomolecular pumped stainless steel vacuum chamber caused by poor lattice match to the substrate and by the

818 J. Mater. Res., Vol. 5. No. 4, Apr 1990 0 1990 Materials Research SocietyI



1 A. B. Harker and J. F. DeNatale: MIcrostructure of microwave plasma deposited diamond films

U high mobility of the plasma generated species arriving When surface pretreatments such as diamond grit
at the substrate. Lattice matching and several surface scratching are applied to the substrate surface, the den-
pretreatments, such as scratching with diamond grit, sity of nucleation sites is typically increased. In these
can enhance the density of nucleation centers. In the cases a continuous film forms when the growing parti-
microwave induced plasma films produced in this work cles impinge upon one another. The degree of faceting
at temperatures of 850 to 1050 °C with low nucleation in the individual diamond particles in the continuousI densities, nearly isotropic growth in the developing films has been found to be a function of the growth ver-
grains and polycrystalline particles was observed. As sus reactive etching rates in the system. In Fig. 2, the
shown in the SEM micrographs in Fig. 1, the develop- SEM micrographs give a comparison between the mor-i ing diamond particles on silicon produce regular, near phology of continuous films produced at 1 vol. % CH4 ,
spherical overall shapes induced by high levels of crys- with and without the presence of 0.25 vol. % 02. In the
tallographic twinning and defects. The individual crys- absence of oxygen the individual diamond particles
talline particles show uniform growth rates and have very high defect densities and are nearly spherical.U ultimately form a continuous film as proximity leads to With oxygen present the reactive etching leads to
particle overlap. strongly 'faceted individual grains. In these films

I
I

I

(a) (b)

FIG. 1. (a) Scanning electron micrograph of discrete, faceted diamond particles forming on (100) Si at 1040 °C which show near isotropic
growth. (b) Scanning electron micrograph of a continuous diamond film forming from the overlap of discrete particles.

II

III __

10 10AMm

(a) (b)I FIG. 2. (a) SEM micrograph of the microstructure of diamond film formed at 1040 °C on Si with no 02. (b) SEM micrograph of a highly
faceted diamond film formed at 1040 'C with 0.25% 02.

J. Mater. Res., Vol. 5, No. 4, Apr 1990 819
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I [Fig. 2(b)] the individual crystallite growth is limited shows an electron channeling pattern of a 2-micron
by proximity effects and the formation of new growth thick epitaxial diamond film produced on a (100) type
directions at twin and defect sites on the crystal- 2A diamond surface. The pattern shows the cubic sym-
line facets. metry of the substrate to be fully propagated through

The high density of defects plays a dominant role the single crystal film. The film thickness was deter-
in determining the morphology of the diamond films at mined by masking an edge of the substrate with a sec-
the higher temperatures. These defects appear very ond diamond. The channeling pattern would not be
early in the film deposition process and may be stress produced from the diamond film surface if there were
related. The major crystallographic defect observed in any appreciable stress or loss of long-range order in the
the films is a multiple twinning on the {111} planes in top 100 nm. Infrared transmission measurements
(211) directions. This can lead to extremely high de- showed no increase in absorption in the 250-micron
fect densities in the grains, as illustrated by the TEM thick diamond from the presence of the film.
micrograph, Fig. 3. Successive generation of this twin While the homo-epitaxial films formed at 800-
structure around the (011) axes can generate the five- 1100 °C are suitable for electronic studies, the high
fold defect structure, shown in Fig. 4, which is com- defect densities and very rough surfaces of the poly-
monly reported to be present in the high-temperature crystalline films formed in this temperature range do
diamond films.' This defect forms early in the individ- not have properties suitable for electronic, optical, or
ual grain development, as can be seen in the extremely tribological applications. In order to obtain smoother
fine-scale crystallites in the TEM micrograph. This de- film surfaces, finer grained polycrystalline films are re-

fect was found to be present in a large fraction of the quired. To achieve this, both the lattice match between
grains in the high-temperature formed films. Once the diamond film and substrate and the etching versus
formed, the fivefold defect structure is able to propa- deposition rate must be maximized. High lattice match
gate and determine the shape of some of the crystalline optimizes the potential nucleation site formation, while
grains even as they develop to super-micron size, as increasing the rate of the etching processes favors the
previously shown in Fig. 1. removal of less stable defect based growth sites. Further

Interestingly, while the polycrystalline films show a enhancement comes from reducing the deposition tem-
high level of defects, single crystal homo-epitaxial films perature to limit stacking faults, twinning, and other
can be formed under the same conditions. Figure 5 stress related defects.

FIG. 3. Transmission electron micro-
graph and selected area electron diffrac-
tion pattern illustrating the high defect

densities from multiple twinning in high5 temperature formed diamond films.

3

8M e V 200 nm4
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I

I
I

FIG. 4. Transmission electron micro-
graph and electron diffraction pattern of
the fivefold twin defect structure com-
monly occurring in high temperatureU formed diamond films.

1 100 nm

a TEM micrograph of a diamond film deposited at
1040 'C on Si. The bulk of the grains contains defects
of the type described earlier, with the film microstruc-
ture defined by the impingement of large grains origi-
nating from highly separated nucleation centers. The
morphology of these films is also characterized by the
extensive out-of-plane growth shown in Figs. 1-3. By
maintaining all conditions the same, but dropping the
deposition temperature to 450 OC, a significant im-
provement in the film morphology can be achieved
[Fig. 6(b)]. The lower temperature deposited films ex-
hibit planar twinning similar to the higher temperature
films, but little of the fivefold twin structure is present.
The finer grain size and more uniform nucleation in
these lower temperature films leads to higher film den-
sities and reduced surface irregularities from out-of-

FIG. 5. A scanning electron channeling pattern formed from a plane growth.
homo-epitaxial diamond film grown on (100) type 2A diamond The major effect of lowering the diamond deposi-
i at 1040 "C. tion temperature is the formation of finer grained poly-

crystalline films and oriented films on (100) Si
The role of temperature in determining the nucle- substrates. Figure 7 shows SEM micrographs ofE ation, defect structure, and growth morphology of the two films formed on (100) Si at a nominal substrate

diamond films can be seen by TEM. Figure 6(a) shows temperature of 450 °C at different distances from the

J. Mater. Res., Vol. 5, No. 4, Apr 1990 821
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(a)

(a)

SI

, , ,•,,(b)

FIG. 7. (a) Scanning electron micrograph of a (220) oriented dia-
mond film grown at 450 'C on (100) Si. (b) A random oriented fine-

. 5 J grain diamond film grown on (100) Si at 450 'C.

The role of oxygen at these lower temperatures
(b) seems primarily to be the etching away of sp2 bonded

FIG. 6. (a) Transmission electron micrograph showing the coarse carbon. Raman spectra of films grown at the lower
microstructure and high defect densities of a diamond film grown temperatures without oxygen showed the broad scatter-
at 1040 'C on Si. (b) Transmission electron micrograph of a fine ing line at 1550 cm-' characteristic of sp2 bonded car-
grained diamond film grown at 450 °C on Si. bon.6 Conversely, with oxygen present, the spectra

were dominated by the diamond Raman line observed

plasma ball. The finer grained film, formed 1.5 cm at 1334.5 cm '. The Raman scattering spectra in Fig. 9

from the plasma, is randomly oriented. The slightly are from the (100) face of a natural diamond, a homo-
coarser film, formed directly beneath the plasma ball, is epitaxial film, and a fine grained (220) oriented diamond

I oriented with (220) plane parallel to the (100) plane of film on (100) Si formed at 450 'C. The polycrystalline

the substrate. The orientation of the textured film can film has a slightly broader sp3 scattering peak than the

be seen by the significant enhancement of the (220) natural diamond and epitaxial film; however, it shows

Bragg reflection in Fig. 8. When a natural (100) ori- only a minor contribution of sp2 bonded carbon

ented diamond substrate was coated under the same
conditions as used for the oriented film on silicon IV. CONCLUSIONS
(30 Torr, 1% CH 4 and 0.25Y( 02 in H2, 450 °C), a homo- The microstructure and orientation in diamond
epitaxial film was formed. films formed on Si substrates by microwave induced

822 J Mater Ros . Vol 5 No 4 Apr 1990I
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FIG. 9. Raman scattering spectra of a homo-epitaxial diamond
film and a polycrystalline diamond film grown at 450 °C compared
to that of type 2A diamond.
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I Microstructure of diamond films as a function of deposition conditions

A.B. Harker, 3.F. DeNatale, and J.F. Flintoff

Rockwell International Science Center
P.O. Box 1085

1049 Camino Dos Rios
Thousand Oaks, CA 91360

3 ABSTRACT

The microstructure of polycrystalline diamond films grown by microwave plasma assistedI chemical vapor deposition (PACVD) have been observed as a function of growth temperature,
substrate identity and surface condition. Our highest microwave PACVD growth rates have
been achieved in (110) axis normal oriented polycrystalline diamond films. Results indicate that

mE at growth temperatures below 650 C kinetically dominated processes induce the formation of a
preferential (110) axis normal orientation in diamond films with micron scale microstructure.
This orientation can be sustained on silicon, boron nitride, and silicon nitride substrates to film
thicknesses in excess of 60 microns through the occurrence of (I ll) twin defects. Such filmsI have the high density and generally uniform microstructure required for optical applications.

1. INTRODUCTION

The rate of growth of PACVD diamond films is intimately tied to the availability of low
energy growth sites. Such low energy sites will be associated with the most rapidly growing
crystalline faces. In general, those crystalline faces having the highest growth rates rapidly fill
their available bonding sites and cease growth. Hence, the exposed facets on a randomly
oriented crystalline film would be expected to be those exhibiting the slowest growth. In the
case of diamond films, the dominance of (100) and (Ill) faceting on the exposed surfacesE indicates that these are the slow growth faces (Fig. 1) and explains the need to have continued
renucleation to sustain reasonable growth rates. In order to achieve a situation in which the
film development is controlled by a growth rather than a renucleation mechanism it would be
necessary to provide a continuous source of the most favored growth sites. In this work it has
been shown that such a situation can be achieved through the continued propagation of a highly
twinned (I 10) axis normal oriented diamond film.

m Fig. I Scanning electron micrograph
of a random polycrystalline diamond
film surface grown at 1000°C by micro-
wave PACVD.
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I
In this research we have investigated the degree to which the microstructure of PACVD

polycrystalline diamond films can be modified and controlled through the use of various
substrates, substrate surface preparations, and deposition conditions. The primary deposition
variable investigated was temperature, with films being deposited over the range 450 to
1000 0C. Substrates investigations included (100), (110), and (111) Type 2A diamond single
crystals, pyrolytic polycrystalline boron nitride (PBN), polycrystalline silicon nitride, (100)

I silicon, and fused silica.

2. EXPERIMENTAL

All films were grown in a standard stainless steel ASTEX 1.5 KW microwave reactor with
an inductively heated graphite sample holder. The chamber is equipped with windows to permit
sample surface temperature monitoring by optical pyrometry. The gas composition used for
growth was 99% hydrogen, 0.7% methane, and 0.3% oxygen. Films were analyzed by scanning
electron microscopy, micro-Raman scattering, and x-ray diffraction. Growth rates were
determined by infrared reflectance measurements.

* 3. RESULTS

The initial growth temperature variation experiments were conducted with (100) silicon
substrates polished with submicron diamond paste. These experiments, previously reported,'
revealed that (110) axis normal oriented diamond films could be produced at growth
temperatures of 450 to 650°C when the samples were located in the plasma region of highest
growth rate. Outside of the direct plasma impingement zone, only randomly oriented films have
been observed.

Our study has shown that such (110) oriented films can be produced upon polycrystalline
silicon nitride and boron nitride substrates as well as on (100) silicon with growth rates of 0.5 to
1.0 pm per hour at 650*C. Figure 2 shows an electron micrograph of a 25 tim thick (110) oriented
diamond film on polycrystalline silicon nitride. The microstructure of the one-dimensionally
oriented film is generally more regular than that of a random film. The surface appearance is
dominated by the exposed edges of crystallites multiply twinned along the (1 11) planes. The
observation that such oriented films can be grown on polycrystalline substrates as well as single
crystal (100) silicon indicates that under these growth conditions the crystal structures of the
non-lattice matched substrates do not significantly affect the nucleation energetics. This
observation is consistent with the high surface energy of diamond.

I Fig. 2 Scanning electron micrograph
of a (110) axis normal polycrystallineE diamond film grown on diamond polished
polycrystalline silicon nitride at 650°C.
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I To observe the effects of substrate identity in the growth process, diamond films were
produced by PACVD under identical conditions at 650°C on a range of single crystal,r lycrystalline, and amorphous substrates. The resulting film properties are tabulated below.

The microstructures of some of the films are shown in the electron micrographs in
.Fig. 3. The similarities of the microstructures in the (110) oriented films on Si, PBN, and Si 3N4

e apparent, as are the dramatic differences between the films grown on the Si samples
lished with boron nitride and diamond. To provide a consistent description of the various

microstructures one must consider surface energies, the types of expected crystalline defects,
d the metastable nature of the low pressure diamond synthesis environment in which etching
occurring concurrently with film growth.

POLYCRYSTALUNE DIAMOND (110) ORIENTED DIAMOND
ON (100) SIUCON, CUBIC BORON ON (100) SIUCON, SUBMICRON

NITRIDE POLISH (45 MESH) DIAMOND PASTE POUSH

,I

(110) ORIENTED DIAMOND ON POLYCRYSTALUNE DIAMOND ON
PYROLYTIC BORON NITRIDE, FUSED SIUCA, SUBMICRON

SUBMICRON DIAMOND PASTE POUSH DIAMOND PASTE POUSH

Fig. 3 Scanning electron micrographs showing the morphology of poly-
polycrystalline diamond films grown on a range of substrates.
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I Table I

Microstructure of Diamond Films as a Function of Substrate Identity and
Surface Preparation. Boron Nitride Polishes Were Done with a Cubic 45 Mesh Powder

SUBSTRATE FILM PROPERTIES

(100) Type 2A Diamond Epitaxial Film, very low defects
(1 11) Type 2A Diamond Epitaxial Film, surface defects
(110) Type 2A Diamond Grain Oriented Polycrystalline

(Highest Growth Rate)
(100) Silicon (BN polish) Well Formed Low Defect Crystallites
(100) Silicon (Dia. Polish) ( 10) Oriented Polycrystalline Film
Fused Silica (Dia. Polish) Well Formed Low Defect Crystallites
Silicon Nitride* (Dia. Polish) ( 10) Oriented Polycrystalline
Boron Nitride* (Dia. Polish) ( 10) Oriented Polycrystalline

I - Polycrystalline Material

Since the three single crystal diamond substrates all produced fully orientated films, it is
I clear that substrate crystallograpy can be significant to homoepitaxy under the deposition

conditions of this work. The high surface energy of the (100) crystal and the absence of any
periodic bonding chains 2 correlates well with its epitaxial nature and low defect density
surface. 3, Similarly, the appearance of triangular defects on the generally epitaxial (011)
growth surface is consistent with the lower surface energy of that plane and the presence of
three periodic bonding chains 3 that can produce triangular growth hillocks on that face.
However, the more rapid growth rate and grain oriented polycrystalline nature of the film on
the (110) diamond crystal require that the nature of the defects generated in the film be
considered to explain the results.

The (110) plane of diamond is intersected by the (111) planes that generate the single
periodic bonding chain on the (110) face. The ( 11) planes are subject to both stacking and slip
plane faults that are known to produce striations in natural diamond crystals. 5 Similarly, fairly
regular twinning defects along the ( 11) plane produce the striated or layered morphology seen
in the grains of the (110) oriented polycrystalline films (Fig. 4). Hence, we conclude that the
formation of defects along the (111) planes on the (110) diamond growth surface provides both a
low energy state for preferential bonding of the radical species producing growth and a very
high surface area of unsatisfied chemical bonds to enhance the growth rate. Additionally,
Zheng et al.S have reported that the (110) face of diamond shows a lower oxidation rate than
either the (100) or ( 111) face, which would favor (110) film growth.

The generation of oriented films on the non-diamond substrates is consistent with the
observed homo-epitaxial film growth behavior. The global (110) orientation on is believed due
to the interplay between anisotropic growth modes and anisotropic etching, favoring the (110)
oriented growth. For small diamond seed crystals, the plasma etching occurring during the
initial stages of growth will tend to alter the crystallographic distribution of seed crystals
towards (110) orientation. Coupled with this is the enhanced growth rates observed on the (110)

single crystal diamond surface. The combination of these two factors imposes a strong
preference for (110) oriented polycrystalline film development under the low temperature
conditions used in this work. For higher growth temperatures, it is likely that the energetic
differences associated with crystallographically favored growth modes will be much lessE significant, and the nucleation time associated with "seed" etching will be reduced, favoring
random film development. This transition to random growth morphologies at higher
temperatures has indeed been experimentally demonstrated.

I
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Fig. 4 Higher resolution electron micrographs of the twin defects gener-
ated at the intersection of the octahedral and dodecahedral planes of
diamond in a (110) oriented diamond film on (100) silicon.

The samples not exhibiting this type of growth at T <650°C were the films grown on fused
silica and (100) silicon polished with a coarse 45 mesh cubic boron nitride powder. On thesei samples growth of individual faceted particles dominated. In the boron nitride polished samples,
growth was occurring upon the faceted super-micron boron nitride crystal surfaces. In this
growth dominated regime little nucleation was occurring and very smooth faceted particles
were produced. Similarly, in the case of fused silica, the reaction of the surface with the
plasma (producing pitting in the micrograph in Fig. 3) releases significant oxygen near the
surface. This not only etches the smaller diamond particles left by the abrasion process, but
also inhibits the general nucleation of polycrystalline diamond. In this case, growth is againI limited to the larger diamond particulate seeds on the surface and well defined particle growth
morphologies result.

4. CONCLUSIONS

The preferential growth of (110) oriented polycrystalline diamond films, at temperatures
below 650°C by microwave PACVD can be ascribed to a combination of defect enhancedI anisotropic growth and anisotropic etching. The oriented film microstructure is fairly regular
and is dominated by the presence of layered planar micron scale crystallites and striations
induced by multiple twinning defects on the (11l) plane. These defects lead to continuous
propagation of the a (110) oriented growth surface and permit the orientation to persist with
increasing film thickness. The generation of large grained, low defect diamond crystals by
PACVD under the growth conditions of this work is limited to those cases in which larger seed
crystals grow while general polycrystalline diamond nucleation is inhibited by the absence ofI sufficient small diamond "seeds" or through the reactive etching of the nucleation sites.
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Microstructural control of diamond thin films by microlithographic
patterning

J. F. DeNatale, J. F. Flintoff, and A. B. Harker
Rockwell International Science Center, Thousand Oaks, California 91360

(Received 7 May 1990; accepted for publication 22 June 1990)

SMicrolithographic patterning has been used to elucidate the mechanisms controlling diamond
film nucleation and grain growth. The approach is capable of establishing a degree of
control over diamond nucleation on the substrate, which can be used to improve film
uniformity and enhance fine grained microstructure. The observed microstructures in the
patterned films are consistent with an intrinsic growth mechanism based upon defect-initiated
renucleation.U

I. INTRODUCTION wear-reduction applications of diamond films. A general
I mechanism for the controlled grain growth is also dis-

The application of current synthetic diamond films as

optical and friction-reduction coatings is greatly limited by cussed.

the surface roughness of the as-deposited polycrystalline U. EXPERIMENT
material. The high degree of defects in the faceted crystal-
line films as well as the supermicron grain size character- Single-crystal silicon wafers were patterned by stan-
istic of most plasma and filament chemical vapor deposi- dard photolithography techniques prior to growth using a

tion (CVD) diamond films produces a surface roughness proprietary high-temperature resist. The pattern used for

on the order of 500-5000 nm.1-3 Such roughness causes a the initial experiments was a square grid of I-/am-wide

high degree of optical scattering extending from the visible lines exposing the bare silicon substrate, separated by 10
through the long wavelength infrared, 4 and produces a sur- pm of resist. Investigations of the linewidth-dependencetfae which is too abrasive for direct application as a bear- used a pattern of parallel lines ranging between 0.5 and 1.5
i surface for wear reduction. aa m wide. The films were grown using microwave-plasma-
ing s ur ren tion. assisted CVD (PACVD) with a source gas composition of

Methods currently exist and are being further devel- 1% CH 4, 0.5% 02, and the balance H2. Substrate growth
oped for the post-deposition polishing of the polycrystal-
line diamond surfaces,5 ,

6 but these processes are made
pyrometry. The substrates were prepared both with and

more difficult to implement by the surface roughness in the without the use of a diamond polish pretreatment to estab-
films due to the large, irregular grain sizes. Hence, it is lish the relative roles of topology and "seeding" on nucle-
highly desirable for specific applications to not only limit ation behavior. Growths were first conducted for a short
grain growth in the diamond films, but also to produce a time to establish diamond formation in the grid lines. The
dense, uniform microstructure amenable to post-deposition substrates were then removed, the resist was stripped, and
surface polishing, the substrates were returned to the chamber for additional

Deposition of the polycrystalline diamond thin films is film growth.
inherently different from that of conventional optical thin
film materials. For the diamond films, the film morphology Ill. RESULTS
is controlled by the nucleation and growth of the individ- Preliminary experiments were conducted to determine
ual crystalline diamond grains on the substrate surface. To the appropriate length of time for the initial growth on the
achieve microstructures consistent with optical applica-
tions, one must generate uniform, fine-grained nucleation ture with increasing time is illustrated in the sequence of
geometries and restrict out-of-plane growth of large dia- scanning electron micrographs in Fig. I. The diamond was
mond particulates. Microlithographic patterning is being found to nucleate preferentially on the exposed silicon sub-
investigated in this laboratory as a means of establishing strate as opposed to the resist. This allowed a significant
such a uniform distribution of nucleation centers on the particle density to be achieved in the lithographed patter,,
film and a degree of control over the film microstructure. prior to removal of the resist, with a crystallite size of
Both Kirkpatrick et al.7 and Ma et al. '9 have demonstrated approximately 200 nm. After the three-hour initial depo-
that selective nucleation can be achieved using micropat- sition, the diamond crystallites in the grid had already im-
terning of the substrate before deposition. Both groups pinged upon each other, and growth was extending beyond
achieved point nucleation of large ( > 10 pm) diamond the pattern. This overgrowth of the diamond film made
particulates, whose growth was primarily limited by phys- removal of the resist difficult; and so for the later experi-
ical impingement. This paper demonstrates microlitho- ments, a two-hour initial growth was used prior to resist
graphic processing techniques that provide both the fine removal. Experiments using thicker resist layers, however,

grain size and spatial uniformity desired for the optical and demonstrated that substantial pattern thicknesses can be
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(a) (b)
FIG, I Diamond crystallite

! i-- growth on microlithographed Si
l. substrates with increasing growth

IS atime (a) I h; (b) 2 h; (c) 3 h.

WI

I generated by this technique (Fig. 2), while maintaining an scanning electron micrograph in Fig. 5, taken after 24 h of

extremely fine grain structure. diamond growth. In the unpatterned areas of the silicon
Experimental control substrates patterned but pre- substrate, the diamond morphology is characteristic of

S• pared without the diamond polish pretreatment exhibited large, faceted crystal growth and low net particle number
Sno appreciable diamond nucleation on either the resist or densities. These diamond particle microstructures are

the silicon over a period of approximately 20 h. characteristic of low nucleation density films formed on
iAfter grid nucleation, resist removal, and additional silicon under the PACVD growth conditions used in this

growth, the open areas between the grid lines filled in corn- study. 3 In contrast, the patterned areas are characterized
pletely to form a continuous film. The diamond film main- by finer grains and higher particle densities, more consis-
tained the fine grain structure of the initial nucleated par- tent with the requirements of optical applications. With

I ticles, and the pattern was still evident on the surface (Fig. further growth, the larger particles on the unpatterned re-

3). With continued growth, however, this surface pattern gions eventually impinge, as shown in Fig. 6. However, the
became less distinct (Fig. 4). film growth in the unpatterned region continues with the

IThe effect of the microlithographic pretreatment on larger grain size. The transition from the fine-grained
the microstructure of the film was clearly demonstrated by structure to the coarse-grained structure at the pattern
comparison of the patterned and unpatterned regions of boundary is extremely abrupt, with the microstructural
the substrate. The unpatterned regions provide a reference differences arising within 1!-2/um as seen in the micrograph

I for the microstructural development that occurs on the in Fig. 7.

bare substrate under the identical growth conditions. The Extended microscopic examination of the patterned re-
boundary of the patterned region is clearly evident in the gion of the diamond films showed a very uniform micro-

I FIG. 2 Microlithographed diamond

" "-"'lg,?;grid structure grown using thick re-

, ,'is(s 
laver.

'A1
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FIG. 3 De,.elopment of continuous diamrond film oni mirilritih.ographed F IG 4 Suiface morpholigp of inaialk palliciii-d Si aftet :ontinued dia-U Si after rei removal and subsequen! growth mond film growth

structure over the entire 2.5 x. 2.5 cmi pattern size Often, line edge. As the patterii liniewidthi was increased beyondU spatial nion uniformities in sample temperature or plasmia this point, the crystallite plarticle size remained constanit.
distribution lead to significant variations in film micro- with thle spacingo between the deposited rows of diamond
structure over this scale. Cross-sectional analysis in thle particles progressively inicreasing xsith the lithographed
scanning electron microscope (SEM) showed this dia- linewidth

I"

mond film to have no observ able porosity in its microstruc-
ture in the patterned region. including both the niicrolitho- I.DSUSO

-;:_ I DISUSSI Nl mi•

graphed grid area and the initially masked areas (Fig. 8).I The individual grains are distinctly columnnar in niature 1 ie importance kit surface pretreatmnent to nucleation
over the entire thickness of the film. behavior in diamond thin films is well established. This

The effect of the initial line width on the nucleation work is consistent with thle bulk of the literature which3 morphology wnas studied using a microlithograp phed pattern demonstrates a large increase lin dianond nucleation den-
containing lines ranging froni 0.5 to 1 5 lim wide. The sit), associated wvith a diamond abrasive preparation of thle
initial stages of growth, prior to resist rewmoval are shown \iubstrate surface. [h e action of surface polishing of t sub-
in Fig 9 As wcas seen in) F.ig. 1. nucleation prefercntialv ,trale with diaiioid paste hoth wdds surface topology (oby

poccurred at thie edges of the lines in all cates. For the 0.'5 scratching) For diamiond uicleatioe arn -seeds" the sur-
dm line, a single row of crystallites was generated. For tie face with t inbedded diamond particles. I fthe current ex-
line widths greater than 0.5 s m. the crystal size remained perilents the pg icrolie ihoraphic patterns prhide numaer-
constant, with an additional roil forming at the opposite ous site- fr nucleation independent ot the diamond

I4
p4.i

graphed~~~~~" gri area till ah Intal Iaske areaslcl 1Fg1) .DSUSO

NOT PATTERNED PATTERNED
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3 p FIG. 6. Comparison of micro-
structural development in pat-
terned and nonpatterned
regions of Si substrate after
continued diamond film
growth.

NOT PATTERNED PATTERNED

I polishing, and yet the diamond pretreatment was still re- ment are located at the edges within the microlithographed
quired to induce significant film nucleation. This is in con- channels, and that growth of subsequent film grains ini-
trast to the results of Kirkpatrick et al.,' who observed tially propagate in a similar manner along the same edgesI preferential nucleation of carbonaceous material at the until impingement occurs. This is reasonable, since these
sites of ion milled craters in silicon without seeding, al- sites provide two surfaces for film attachment. This is the
though the nature of the deposited material is not reported. same morphology observed by Ma et al.,S9 although theirU Bachmann et al.'0 used polished Si substrates oriented Ar + irradiation step limited the nucleation to the edge
slightly off the (100) axis, and noted that the crystallo- region shadowed from the ion beam. The observed mor-
graphic ledges so produced had no impact on diamond phologies in this work are consistent with the residual di-
nucleation. This is consistent with the observations amond particles from the initial surface preparation being
reported here using much larger scale topologic features. attached to the inside edges of these channels. Whether this
The current work supports the conclusion that the pres- attachment is electrostatic or not has not been determined.
ence of the diamond particles from the surface pretreat- The work of Geis tI reports comparable diamond seed tex-I ment, i.e., the "seeding," is the critical step in enhancing ture development on Si, fused quartz, and chrome-coated
the film nucleation. The work of Bachmann et al,'0 per- substrates, which would tend to discount electrostatic at-
formed at higher growth temperatures, supports this con- tachment. The selective removal of the seed crystals by Ma
clusion and further indicates that nondiamond particles et al.S'9 by Ar + ion irradiation, however, could be due to
can also lead to significant increases in film nucleation, either physical sputtering or electronic processes. The ab-

The nucleation morphologies of Figs. 1 and 9 indicate sence of significant nucleation in the resist-covered areas in
that the diamond particles "seeded" by the surface treat- this work (i.e., prior to resist removal) indicates that sig-

* nificant numbers of particles are not being physically em-

I

3 FIG, 7. Detail of boundary between patterned and nonpatterned regions FIG. 8. Cross-sectional SEM micrograph illustrating dense, columnar
of Si substrate. structure.
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FIG 9. Effect of pattern linewidth
on diamond crystallite nucleation
geometry. (a) early stage develop-
ment: (b) later stage development

(a) (b)I
bedded in the surface, as these would give rise to uniform this work, the nucleation of the new crystal must on aver-
diamond nucleation. In contrast, the diamond nucleation age consume an equal number of these sites as it produces.
was found to be highly selective, forming almost exclu- Such behavior would produce growth in a chainlike fash-
sively within the microlithographed grid lines. Such at- ion. Otherwise, if each new crystal provided multiple nu-
tatchment would undoubtably depend on particle size, and cleation sites, the total number of available sites would
it is likely that the grids are retaining the finer particles in rapidly grow and produce isotropic growth geometries.
the overall distribution. Indeed, previous work has This would suggest that the renucleation step preferentially
reported differences in film nucleation and growth associ- occurs at a defect site. Furthermore, the establishment of a
ated with the use of different size diamond grit for the steady state number of these sites would tend to indicate
surface pretreatment.°'O2 Thus, both the geometry and that the defect is linear, rather than planar, in nature. Such
scale of the pattern, as well as the size and distribution of a growth mechanism in which there is an energetically
the seeding material, will affect the final film microstruc- favored site would likely be significant only at the lower
ture, thus providing a degree of control over the film de- growth temperatures used in this work. It is expected that
velopment. at the higher temperatures of 850-1050 °C normally re-

In addition to illustrating the nature of nucleation in ported for diamond film growth, the nucleation process
the diamond films, this work also elucidates critical factors would be dominated by thermal energetics. Indeed, the
inherent to diamond film growth. Most striking is Lhe ap- increase in film nucleation and growth rates with increas-
parent propagation of grain size with continued film ing temperature is well established.1t
growth. Under identical growth conditions, the (pat- rhe observed reproducibility in the diamond crystallite
terned) fine grained regions of the sample remained fine particle size, even in unconstrained growth conditions.
and the (unpatterned) coarse-grained regions remained would indicate that the initial defect density of the particle
coarse. When a grain renucleates a new crystal adjacent to acts to establish an upper limit on its size. Work in this
it, that new crystal appears to achieve the same size as the laboratory as well as by others has shown that under
original one. For a film with a uniform microstructure, proper experimental conditions, diamond crystals can be
such constant grain size could be attributed to control by grown to considerable sizes. An example given in Fig. 10 is
the growth conditions. However, in this instance different
microstructures coexist under the same growth conditions
and appear to be self-propagating. This self-propagation of
grain size was observed both in the initial growth stages, -
where growth is occurring in plane, and also in the later
stages when full coverage has occurred and out-of-plane
growth is occurring. Examination of the early stage growth .3 morphologies, both for the coarse-grained and fine-grained
regions, indicates that this effect is not produced by prox-
imity effects due to simple impingement of similar sized
crystals. In the initial stages of growth, before significant
impingement occurs, the crystal renucleation process ap-
pears distinctly linear in nature; i.e., the crystals tend to
form in continuous chains, with each uniformly sized crys-
tallite nucleating another in succession.

A mechanism to describe the reproducibility of the -

diamond crystal particle size during growth must be based 3 A

on crystallographic factors. Here, nucleation of a new crys-
tal from an existing one must be favored on a particular 1'i6 10 large, planar diarnond iv,,tal formed on Siot bs plani.,
site on the existing crystal Under the growth conditions of enhanced C%\D
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I grained films are preferred for reduced scatter losses. If
post-deposition polishing is required, then the patterned
growth serves as a useful precursor by improving spatial
uniformity and reducing the initial surface roughness.

Examination of the nature of the nucleation and

growth of the microlithographed films indicates that the
intrinsic film growth mechanism is controlled by renucle-
ation on crystallographic defects. This gives rise to a con-
stant number of growth sites and results in generation of a
steady state grain size that is controlled by the early stageI film structure. The microlithographic patterning is believed
to retain the smallest diamond particles in the initial sur-
face pretreatment, predisposing the later stage film growth
to a fine-grained morphology.
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I Microstructure and orientation effects in diamond thin films
J. F. DeNatale, A. B. Harker, and J. F. Flintoff
Rockwell International Science Center, Thousand Oaks, California 913583 (Received 13 December 1990; accepted for publication 6 February 1991)

The microstructure and orientation of diamond thin films grown by plasma assisted chemical
vapor deposition have been studied as functions of growth temperature, substrate identity,
and substrate pre-treatment. Results indicate that for growth temperatures below 650 *C,
competition between film growth and etching can lead to preferential (110) oriented films on
a variety of substrate materials. This orientation can be globally sustained during growth3 by the occurrence of (I ll ) planar defects.

1 INTRODUCTION RESULTS

The growth of diamond thin films by low-pressure A growth temperature of 650 C was used for the dep-
techniques occurs through a complex kinetic balance be- ositions on the single-crystal diamond substrates. The re-
tween the nucleation, growth, and etching of both diamond sulting films on all three substrate orientations produced
and nondiamond species. The importance of these compet- fully oriented films, as evidenced by x-ray diffraction and
ing processes to the final film properties has been docu- SEM electron channeling contrast (Fig. 1). Imaging of
mented extensively in the literature, detailing the strong both the (100) and (111) films indicated them to be epi-
effect film deposition conditions have on the microstruc- taxial, although they differed in their surface morphologies
tures and Raman signatures of the resulting films. (Fig. 2). The (100) film had a low level of observable

In this work, we have investigated the degree to which structural defects, although it did show some fine scale
the microstructure and orientation of plasma assisted texture development. The (I 1) film exhibited well-defined
chemical vapor deposition (PACVD) diamond films can triangular defects on an otherwise exceedingly smooth sur-
be modified by the use of various substrates, substrate sur- face. The Raman spectra of these films showed a sharp
face preparations, and deposition conditions. This has illu- fac The R man 1spectra3of thes istshow atshar
minated the role of crystalline defects in the growth and peak a1 .mo (.,morphology of polycrystalline and homoepitaxial diamond single-crystal diamond.
mrthin films. In contrast to the morphologies of the previous two

substrates, the film on the (110) diamond substrate exhib-
ited a high degree of fairly coarse surface texture (Fig. 2).

EXPERIMENT In addition, the (110) film was characterized by a growth
rate approximately twice that of the other two orientations.

Films were grown by PACVD using an ASTEX The initial experiments investigating the effects of
1.5-kW microwave reactor operated at 1.2 kW. The source growth temperature on the nondiamond substrates were
gas composition used for this work was 99% hydrogen, conducted using (100) Si substrates polished with submi-
0.7% methane, and 0.3% oxygen. The total gas flow rate cron diamond paste. These experiments, previously re-
was approximately I sim, with chamber pressure kept con- ported,' revealed that (110)-oriented polycrystalline dia-
stant at 30 Torr using downstream pressure control. Sam- mond films could be produced at growth temperatures of
pie heating was accomplished using an inductively heated 450-650 *C when the samples were located in the plasma
graphite sample holder, with film temperature determined region of highest growth rate. At higher growth tempera-
by optical pyrometry. Films were grown on both diamond tures or outside of the direct olasma impingement zone,
and nondiamond substrates. The diamonds were natural only randomly oriented films have been observed. Based on
type 2A single crystals, oriented with (100), (110), and these results, a growth temperature of 650 *C was used for
(I l l) surfaces, respectively. The nondiamond substrates the experiments reported here.

included (100) single crystal silico- fus.ed silica, polycrys- The current experiments revealed that similar (110)-
talline silicon nitride, and (hexagonal) polycrystalline py- oriented films can be produced on polycrystalline boron
rolitic boron nitride (PBN). Surface pretreatment with nitride and silicon nitride substrates as well as on (100) Si
submicron diamond paste was performed on the nondia- with growth rates of 0.1-0.5 jim per hour. X-ray diffrac-
mond substrates to enhance film nucleation. In addition, a tion analysis indicated that the ratio of the peak intensity
(100) silicon substrate which had been polished with a 45 of the diamond 220 reflection to that of the I I I reflection
mesh cubic boron nitride powder was included in the dep- was approximately a factor of 25 higher than in a random
osition. film.

Films were analyzed by scanning electron microscopy The microstructures of the one-dimensionally oriented
(SEM), micro-Raman scattering, and x-ray diffraction. films on the various substrate materials all exhibited cer-
Growth rates were established by infrared reflectance spec- tain similarities. These films were generally more regular
troscopy. than the random films, with their surface appearance dom-
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FIG. 3. Raman spectra comparing homoepitaxial diamond film and typeFIG. 1. Electron channeling patterns of PACVD epitaxial diamond films 2A diamona substrate. Also shown is spectra of polycrystalline film on Si.S on single-crystal type 2A diamond.

inated by the presence of large numbers of planar growth available bonding sites for both in-plane propagation of the
twins (Figs. 4 and 5). In contrast, the films on fused silica surface by atomic attachment as well as strong bonding
and BN-polished (100) Si showed no tendency for pre- sites for the attachment of subsequent layers. The observed
ferred orientation, growth rate and rough surface morphology of the ho-

The observations of film morphology and properties moepitaxial film on (110) diamond is attributed to the

for the various substrates and surface preparations are presence of (equivalently) favorable growth modes for
summarized in Table I. both in-plane and out-of-plane growth.

The (I ll) face of diamond, on the other hand, con-
DISCUSSION tains three PBC's.3 This predicts smooth growth faces with

relatively low displacement velocities, as observed experi-
The homoepitaxial growth of the diamond films on the mentally in the homoepitaxial films. The relatively smooth

various diamond substrates indicates that substrate crys- (100) face, in contrast, would not be expected to occur in
tallography can significantly affect the microstructure and a perfect diamond structure based solely on PBC analysis.3

growth kinetics of the films. The observed surface mor- Surface reconstruction, however, can allow this face to de-
phologies and growth rates in these experiments are con- velop into a habit-controlling face, and these cube faces are
sistent with the directional bonding of the diamond struc- commonly observed in synthetic diamonds fabricated by a
ture. As noted by Hartman and Perdok2 and Sunagawa,3  variety of techniques. 3 The lower number of PBC's on this
the (110) face contains one periodic bond chain (PBC) in face, and the possibility of local distortions in the surface
plane. In addition, by symmetry, one PBC vector also ex- reconstruction may contribute to the greater surface tex-
ists normal to the surface. This provides continuously ture observed on the (100) homoepitaxial film as com-

pared with the ( 111 ) film.
The observations of substantially higher growth rates

for the (110) oriented polycrystalline films on the nondi-
"amond substrates are consistent with their observed
growth morphologies as well as with the observed behavior
of the homoepitaxial films. The rate of growth of a thin

K i film is intimately associated with the availability of low-
energy bonding sites. Such sites will in turn be associated

__ with the most rapidly growing faces. In general, the crys-
talline faces having the highest growth rates rapidly fill
their available bonding sites and cease growth. At this
point, growth can continue only on the slower growing

Surtsce morphology of faces or by renucleation of a new crystallite, and this be-homo-opitxial films on the faces
of p 2A diamond comes the rate-limiting step in the growth kinetics. Hence,

the exposed facets on a randomly oriented crystalline film
would be expected to be those exhibiting the slowest
growth. The dominance of (100) and (111) faceting on
the exposed surfaces of random diamond films [Fig. 6(a)]

FIG. 2. Surface morphology of homoepitaxial films on type 2A diamond. and isolated particles [Fig. 6(b)] suggests these are the

6457 J. Appl. Phys., Vol. 69, No. 9, 1 May 1991 DeNatale, Harker, and Flintoff 6457
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I
FIG. 5. Detail of multiply twinned grain in (110) oriented diamond film
on (100) Si.

I om slow growth faces. Indeed, Zheng et al.4 have reported that
- the (110) face of natural diamond shows a lower oxidation

rate than either the (100) or ( I ll) faces, suggesting that
the atoms on this face have a higher bonding energy. The
dominance of (100) and (111) faceting in natural dia-
mond crystals further establishes this, and is consistent
with the PBC analysis of Hartmon and Perdok2 and Suna-
gawa"3

The (110) plane of diamond is intersected by the
(111 ) planes, generating the periodic bonding chains on
the (110) faces. The (111) planes are subject to both
stacking and slip plane faults that are known to produce
striations in natural diamond crystals.3 Similarly, these

regular planar growth twin defects on (111) planes pro-
duce striated morphologies in the grains of the oriented
polycrystalline diamond films.

We propose that the formation of (111) twin defects
on the (110) diamond growth surface provides low-energy
sites for preferential bonding of the radical species, leading

(110) ORIENTED DIAMOND ON to an enhancement of the growth rate. Similarly, the pres-

PYROLYTIC BORON NITRIDE, ence of these defects leads to a continued propagation of
SUBMICRON DIAMOND PASTE POLISH the low-energy bonding sites. This is illustrated in Fig. 7.

(b) For a faceted perfect crystal oriented with a (110) surface

plane, rapid growth along the (110) faces consumes all the
available sites, leading to a crystal bounded by the slower
growing faces. At this stage, crystal growth is stopped and
renucleation of a new crystallite must occur for bulk film
growth to continue. This step is known to be comparatively
slow at low temperatures for PACVD diamond films. In
the presence of the planar ( ll I ) twin defects, however, the

. • growth along the (110) faces does not lead to a consump-

TABLE 1. Microstructure of diamond films as a function of substrate
identity and surface preparation.

Substrate Film properties

(100) Type 2A diamond Epitaxial, low defect, textured
Ill) Type 2A diamond Epitaxial, smooth, isolated

defects

(110) ORIENTED DIAMOND (110) Type 2A diamond Epitaxial, rough surface,

ON (100) SILICON, SUBMICRON highest growth rate
1PASTE POLISH (00) Si (diamond polish) (110) oriented polycryftalhine(CDIAMOND (110) Si (c-BN polish) Random polycrystalline

Fused silica (diamond polish) Random polycrystalline

FIG. 4 Surface microstructures of (110) oriented polycrystalline dia- Silicon nitride (diamond polish) (110) oriented polycrystalline
mond films. (a) Silicon nitride substrate (b) boron nitride substrate; (c) Boron nitride (diamond polish) (110) oriented polycrystalline

(100) Si substrate.
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I leads to a propagation of the defective structure, with the
net growth rate controlled now by the rate of radical at-
tachment instead of by crystal renucleation.

The generation of oriented films on the nondiamond
substrates is consistent with the observed homoepitaxial
film growth behavior. The global (110) orientation on the
nondiamond substrates is believed due to the interplay be-
tween anisotropic growth modes and anisotropic etching,
with both factors favoring the (110) growth. For small
diamond seed crystals, the plasma etching occurring dur-
ing the initial stages of film formation will tend to alter the
crystallographic distribution of the seeds towards a ( 110)
orientation. Coupled with this are the enhanced growth
rates observed on the (110) single-crystal diamond sur-1 face. The combination of these two factors imposes a

Ee) strong preference for global (110) oriented polycrystalline
film development under the low deposition temperatures
used in this work. For higher growth temperatures, it is
likely that the energetic differences associated with the
crystallographically favored growth modes will be much
less significant, and the nucleation time during which seed
etching occurs will be reduced, favoring random film de-
velopment. This transition to random growth morpholo-
gies at higher growth temperatures has indeed been exper-
imentally demonstrated. Furthermore, the observation that
such oriented films can be grown on a variety of polycrys-
talline substrates as well as on single-crystal (100) silicon
indicates that under these growth conditions the crystal
structure of the nonlattice matched substrates do not sig-
nificantly affect the nucleation ti.ergetics. This observation
is consistent with the high surface energy of diamond.5 For
high surface energy substrates, such as diamond itself, sub-

(b) strate crystallography has been shown to play a role.The samples not exhibiting the oriented growth at
FIG. 6. (a) SEM micrograph of grain development in a random diamond These mpees n e 650bit wer the (100) Si at
film grown by PACVD; (b) Faceted morphology of isolated diamond these low temperatures ( < 650 °C) were the (100) Si pol-

particle grown under random growth conditions. ished with coarse cubic boron nitride powder and the fused
silica substrate. On the silicon sample, growth was initiated
on the individual boron nitride crystal surfaces (Fig. 8).

tion of the preferred bonding sites due to the lack of crys- While smaller particles did initiate some growth on the Si
tallographic equivalence across the defect boundary. This surface, the morphology was dominated by large, isolated

P Perfect Crystal

FIG. 7. Schematic of (110) growth sur-
face propagation in a multiply twinneddiamond crystal.

Twinned crystal
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I Surface nucleation of
-pocryetalllne diamond on cubic"boron nitride particulates

FIG. 8. Preferential growth of diamond crystals on coarse cubic boron

nitride particles. 3jrm

diamond crystals with smooth faceted geometries (Fig. 9). POLYCRYSTALLINE DIAMOND ON
The lack of global orientation and the reduced growth rate FUSED SILICA, SUBMICRON
in this sample were consistent with the proposed mecha- DIAMOND PASTE POLISH
nisms for oriented growth in the diamond seeded films.

For the fused silica substrate, the different growth be-
havior is attributed to oxygen release during surface reduc- FIG. 10. Diamond particle morphology for random film grown on fused

tion. The interaction of the plasma with the substrate sur- silica.

face is clear, as evidenced by the pitting observed in the
micrograph of Fig. 10. Oxygen released during this reac-
tion will not only etch the smaller diamond particles em- reaction surface, which preferentially removes the sp2

bedded by the polishing process, but will also inhibit the bonded carbons. 6

general nucleation of the polycrystalline diamond film by
surface disruption. In this case, growth is again limited to
the larger diamond particulate seeds on the surface, and
well-defined particle growth morphologies result. It has CONCLUSIONS
been noted in this laboratory that diamond films grown on
fused silica are extremely white, containing little of the The preferential growth of globally oriented (110)
graphitic components which tend to darken the films. This polycrystalline diamond films below 650 °C can be ascribed

is consistent with a higher local oxygen content at the to a combination of anisotropic etching of diamond nuclei
and anisotropic growth enhanced by the presence of crys-
tallographic planar defects. These films tend to be de-
scribed by regular microstructures dominated by multiple

(Ill ) growth twins. These defects provide a source of pre-
ferred attachment sites for the growing film and lead to a
propagation of a (110) oriented growth surface. This tends
to maintain the film in a growth-limited mode as opposed
to a renucleation-limited mode, resulting in a significant
increase in the net film growth rate.
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Pressure effects in the microwave plasma growth of polycrystalline diamond

A. B. Harker and J. F. DeNatale
Rockwell International Science Center

1049 Camino Dos Rios, Thousand Oaks, CA 91360

I ABSTRACT

Microwave plasma deposition of polycrystalline diamond is being investigated over the pressure range 1 to 100 kPa.
The conditions of growth, microstructure, and spectroscopic properties of the resulting materials are being
compared. A phenomenological description of the dependence of diamond microstructure upon growth conditions
ha s b ee n d ev elo p ed . 1. I NR O DU C TIO N

Microwave plasma assisted CVD (MPACVD) deposition of polycrystailine diamond has been studied extensively in
this and other laboratories In low pressure growth systems at temperatures from 250 to 11 00°C with a range of

hydrocarbon sources (e.g., CH4, CO, CH3OH, C3H40, etc).'3J These 2.45 GHz systems typically produce a fairly
diffuse plasma at pressures of 1 to 5 kPa, providing CVD type growth. At higher plasma pressures, the three body
recombination of electrons with ions becomes dominant, greatly limiting the geometric area of the plasma. Visually,
the plasma shrinks to the center of the chamber with increasing pressure and eventually cannot be sustained.

To produce a microwave plasma at higher pressures, other cavity designs which produce sufficient energy density

to achieve and sustain gas breakdown must be used. We have Investigated the use of a custom designed TM,,,
cylindrical 2.45 GHz cavity to develop sustained plasmas and diamond growth at pressures in excess of one

atmosphere. At higher pressures, diamond particles nucleate with line of sight relationship to the plasma source with

a higher temperature dependence for diamond growth than observed under lower pressure CVD conditions. The

microstructures of the diamond films produced in the low and high pressure systems can be related in the same

manner to the growth controlling parameters.

2. EXPERIMENTAL

Diamond films were grown in two different flow systems both using an Applied Science 1.5kW, 2.45GHz magnetron

source and wavegulde arrangements. All substrate surfaces were prepared by diamond paste abrasion before
deposition.

The low pressure cavity Is an all-metal sealed, water cooled, 15.5 cm Inner diameter stainless steel chamber with
radiantly heated graphite sample holder. The radiation is coupled into the chamber with a TM,1 rectangular to
circular wavegulde adapter through a silica window. The chamber operates at 1 to 5 kPa, with typical gas mixtures
being 0.5% CH4 in H2. Growth temperatures ranged from 450 to 980C (R pyrometer), with variation of 50 to 75*C
across the 10 cm silicon substrate.

The higher pressure system (20 to > 100 kPa) uses the same 1.5 kW magnetron head coupled through a three stub
tuner Into a custom designed cylindrical high pressure TM,, 0 2.45gHz cavity. The microwave power is coupled
directly Into the gas flowing through a 12 mm quartz flow tube passing through the center of the cavity. This system
couples 1.2 to 1.5 kW into the flowing gas and produces a plasma flame. The flame Is forced out of the quartz tube
by flows of -20 to 50 I/min of a 2/1 Ar/H 2 mixture with CH4 held at the same ratio to H2 as with the MPACVD
chamber. The substrates in this system were typically 4x4x25mm rectangular polycrystalline S13N4 bars held at right
angles to the plasma front or 0.5 cm radius molybdenum hemispheres. All substrates were mounted on a water-

cooled fixture and temperatures were monitored by an IR pyrometer.

Polycrystalline particles and films were examined by scanning electron microscopy and Raman scattering
3 spectroscopy.

I
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I
3. RESULTS AND DISCUSSION

Nucleation and microstructure effects in the low pressure (1.6 to 5.3 kPa) microwave plasma assisted diamond
chamber have been described by a number of researchers. The most generally reported trends are the observation
of (100) exposed faces on the diamond grains at higher hydrocarbon concentrations, switching to primarily (111)
exposed crystalline planes at lower hydrocarbon concentrations for a fixed deposition temperature. A significantly
different microstructure occurs when the film growth becomes defect renucleation dominated and highly twinned
(110) global orientation is obtained3 . Such (110) oriented films have been obtained by a number of researchers
under conditions with low hydrocarbon concentrations and added oxygen.3 4 in this work these same trends in
diamond film microstructure have been observed at all deposition pressures. The primary effects associated with

increasing pressure have been a significant increase in the observed film growth rate for a given gas composition
and substrate temperature and a dependence of the growth process upon gas flow dynamics.

At a substrate temperature of 9500C the growth rate of polycrystalline diamond was nominally 0.6 microns/hr at 4
KPa, 3-5 mIcrons/hr at 25 kPa, and 10-20 microns/hr at 100 kPa pressure for reaction mixtures containing a methane
to hydrogen ratio of about 0.5%. The Increase In growth rate with pressure is associated with the arrival rate of the
reactive species forming the diamond particles on the substrate surface, but has not been quantified due to the
dependence of the growth process on the flow dynamics.

The effects of reactant composition and temperature on the microstructure of the diamond particles formed in the
microwave systems were basically the same at all pressures and permits a phenomenological description of the
effects of growth conditions to be postulated. Figure 1 (a-I) is a series of SEM micrographs showing the progression
of microstructure types associated with the deposited carbon films as a function of distance from the locus of the
plasma ball in the low pressure system, and the feather of the plasma flame in the high pressure system. At greater
distances from the most intense plasma region there is a decrease in both the surface temperature of the growing
particles and the concentration of the radical and atomic species associated with the growth process. In a steady-
state system the progression would coincide with increasing temperature and an increasing hydrogen atom to
hydrocarbon radical ratio.

At the greatest distance from the plasma (lowest temperature, lowest hydrogen atom, highest unreactive hydrocarbon
content) very high nucleation density produced a continuous amorphous carbon film with hemispherical surface
protrusions. Nearer to the plasma the nucleation density drops and the particles become distinct and
microcrystalline. Raman spectra of the material in this regime show diamond and some sp2 bonded carbon. The
particles have very high defect densities with the dominance of surface energy constraints being obvious from the
spherical appearance of the particles.

Moving still nearer to the plasma, the particles remain generally spherical, but (100) faces appear and the Raman
spectrum shows a decrease In graphitic carbon. The f 100) facets become more pronounced as the concentration
of hydrogen atoms and etching species Increase in toward the center of the plasma. In this region surface energy
is competing with the growth and etch rates of the sp2 and sp3 solid carbon to determine the microstructure. The
particles still tend to a spherical shape, but preferential < 111 > direction growth is favoring the exposure of { 100)
faces.

In regions of greater plasma density, the surface temperature and hydrogen atom concentrations are higher and
nucleation as well as defect generation become lower. The particles are more highly faceted, with cubo-octahedral
shapes. In this regime the surface energy anisotropy between the crystalline planes Is more significant and the I
particle microstructure becomes controlled by the relative reaction kinetics of growth and etching. The cubo-
octahedral particles have the <110> direction being the long axis of fastest growth. This is consistent with the
observation that the {110) plane of diamond has the lowest etching rate in hydrogen and oxygen.5 :

In the center of the plasma region the surface temperature and reactive etching species concentrations are the
highest. In this regime, high etch rates discriminate against the less stable nucleation centers, favoring the formation
of the characteristic five-fold twinned defect nuclei. This crystallographic defect is a successive multiple twinning
on the {111) planes in a <211> direction around the <011> axis. Forming at a very fine scale, this defect
continues to grow to produce the end member microstructure seen in Figure 1 which is dominated by the exposed
{111} planes.
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I This phenomenological description is consistent with the observation that at growth temperatures near 6500C many

films develop a characteristic global (110) orientation as renucleation on the initial film layer leads to increasing
thickness1 Anisotropic etching and the apparent faster growth in the < 110 > direction favor global (110) orientationE as does the availability of the low energy (111) slip plane twin defect which provides a low-energy site for preferential
bonding of radical species, leading to an enhanced growth rate In the (110) orientation (Figure 2).

4. CONCLUSIONS

The growth rate of diamond films from microwave generated plasmas Increases by over 40 fold between 4 and 100
kPa pressure with the same hydrocarbon/hydrogen gas ratio and substrate temperature. The film microstructure
In the first fully developed continuous film layer is remarkably similar for films grown at low and high pressures and
Is consistent with a model based on surface energy effects and anisotropic growth. The model suggests that higher
etching conditions favor growth along the < 110> direction and that high nucleation-lower etching conditions favor
growth in the < 111 > direction. Such films would have (111) and (100) planes exposed respectively.
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3 The polishing of polycrystalline diamond films

Alan B. Harker, John Flintoff, and J.F. DeNatale

I Rockwell International Science Center
P.O. Box 1085

1049 Camino Dos Rios
Thousand Oaks, CA 91360

3 ABSTRACT

Optically smooth surfaces can be produced on initially rough polycrystalline diamond films
through the combined use of reactive ion etching and high temperature lapping on Fe metal.
Protective thin film barriers are first applied to the diamond surface to restrict the reactive
oxygen or hydrogen ion etching process to regions of greatest roughness. When the overall
surface roughness has been reduced sufficiently by etching, mechanical lapping of the surface
on an Fe plate at temperatures of 7300 C-900*C in the presence of hydrogen can be used to
produce surface roughnesses of less than 10 nm as measured by profilimetry. The two
techniques are complementary for flat surfaces, while the reactive etching process alone can be
used with shaped substrates to produce a surface finish suitable for LWIR optical applications.

I. INTRODUCTION

The fundamental processes involved in the growth of polycrystalline diamond film surfaces
leads to a high degree of roughness in thicker films. The general roughness is produced by the
protrusion of individual faceted particles as shown in the scanning electron micrograph in
Fig. 1. This roughness is often overshadowed, however, by the localized preferential growth of
large particulates (Fig. 2). This surface roughness greatly limits the use of such thick diamond
films for coating friction-wear surfaces and in optical components.

$CS2221

I,I

3 Fig. 1. Electron micrographs of highly faceted polycrystalline diamond surface.

Techniques for limiting such roughness in the deposition process are being explored, but it
is reasonable to assume that some degree of postdeposition surface finishing will be required for
most thick film applications. Simple room temperature polishing procedures are very difficult

I 222 / SPIE Vol. 1325 Diamond Optics /II (1990)
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Fig. 2. Electron micrographs oof ssupermicron scale particulates formed during the micro-I ~wave PACVD growth of polycrystallinie diamond.

and time consuming, due both to the mechanical properties of the material and the highly local

I nature of the roughness. Since the material properties of the diamond greatly limit abrasive

polishing, a chemical approach would be preferred.

3 The polishing of polycrystalline diamond surfaces by contact with iron in a hydrogen

atmosphere at elevated temperatures was initially reported in the Japanese literature in

1988.1 This technique, while quite useful, has severe limitations in terms of scaling to large

sample sizes and for use on shaped surfaces. The high temperatures involved 0>730'C) alsoI produce mechanical failures and thermal shocking of the film and substrate. The presence of

supermicron particulates on the films limits contact of the polishing plate with the general film

surface as does any curvature imparted to the substrate by stress from the growth of theI diamond films.

To alleviate some of the problems associated with the high temperature polishing process,

a means of using ion etching has been pursued to reduce surface roughness to the degree that

the diamond films are suitable for use as IR optical components.

2. EXPERIMENTAL

I The diamtond films used in these experiments were prepared on 2.5 cmI didmeter circular

(100) single crystal silicon substrates by microwave plasma assisted CVD (PACVD) in a UHV

SPIE Vol "32" Diamond Optics I-f (I990V 223

I



I

I chamber equipped with an Astex 1500 W magnetron. Typical conditions were 0.7% methane and
0.3% oxygen in hydrogen at temperatures of 450-7500C. Film thicknesses ranged from 30 toE 200 pm. As shown in Fig. 1, the films were polycrystalline with local supermicron particulates
and generally exhibited a concave surface curvature of near 5 pm depth from edge to center.

Contact polishing experiments were carried out on a rotating 9 cm diameter iron metal
plate in a stainless steel UHV chamber at 600-800°C in a hydrogen atmosphere at pressures of 4
to 80 torr. A tungsten filament was operated in the polisher at 1950°C. Chemical etching
experiments were carried out in a stainless steel vacuum chamber in mixtures of oxygen inI argon and hydrogen in argon, using an AC discharge.

Scanning electron microscopy (SEM), transmission electron microscopy (TEM), Raman
i microprobe, x-ray photoelectron spectroscopy (XPS), and profilimetry were used to characterize

the diamond film samples and iron plate surfaces.

3. RESULTS

E 3.1 Fe-Plate polishing

The use of the Feplate polishing technique was studied as a function of plate temperature
and hydrogen pressure. The progress of the polishing process was observed by SEM and is shown
in the series of micrographs in Fig. 3. The major observation is that the primary reactive
polishing process occurs only at points of direct contact between the lapping plate and the high
points of the faceted film. In areas out of direct contact with the Fe plate, only minor surface
roughening was observable by SEM in highly faceted areas, presumably from surface reactions
with gaseous species such as residual oxygen, hydrogen atoms and organic radicals produced ini the chamber by the hot tungsten filament.

As the lapping process removes the crystalline facets, broader areas of the film contact
the plate and eventually a smooth surface is obtained. Profilimetry shows a local surfaceI roughness of ± 100 nm to 5000 nm before polishing and less than ± 10 nm after lapping on the Fe
plate.

For the current system under study at 750*C in 80 torr of hydrogen, with a tungsten
filament operating at 1950°C, local polishing rates ef > 5 jim per hour have been observed.
Molybdenum and stainless steel lapping surfaces were also examined. Though limited polishing
was observed on the stainless plate, the highest rates of material removal were obtained with
elemental iron on which polishing has been observed at temperatureb up to 900*C.

The mechanism of the polishing process near 750*C has been stuU~ed by Raman scatteringI spectroscopy and Xray photoelectron spectroscopy (XPS). The carbon Is electron XPS peak was
used to observe the chemical changes occurring at the diamond surface during polishing. The
very smooth substrate side of a freestanding diamond film was used in these measurementsi after being coated by ion beam sputtering with a metallic iron film thin enough (1 - 1.5 nm) such
that the XPS carbon peak was still observable. The carbon Is electron spectrum was deter-
mined before and after heating in vacuum and in hydrogen, with and without the Fe metal thin
film coating.

I The diamond carbon Is peak shape and chemical shift showed no change after heating in
vact" im to 7500C without the Fe film coating. With the Fe overcoating the C Is peak exhibitedi bre (df e, and a shift to lower binding energy when heated in excess of 725 0 C (285.8±0.2 to
284.4±0.2 eV). No changes in the C Is spectrum were observed after heating to 650°C-700*C in

2I .224 / SPIE VoL. 1325 Oii mond Optics III (7990)
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I Fig. 3. Electron micrographs showing the progressive polish being developed on a poly-

crystalline diamond surface during Fe plate lapping at 7500C.

I vacuum with the Fe overcoat. This is consistent with the occurrence of the alpha to gaml-a

phase transition occurring in Fe at 723*C. This transition increases the solubility of carbon in
the Fe by a factor of 40 to 0.8 wt%.2

I The broadened C Is peak observed at 284.4 eV after heating the diamond to 750°C in the

presence of Fe is consistent with the diamond surface losing its crystalline properties, but does
i ,iot indicate the formation of a carbide. However, due to the thinness of the Fe film, any

carbide could readily be removed by reaction with residual oxygen in the chamber and is
certainly removed by atomic hydrogen. Evidence of this is the observation that the C Is peak
retained its diamond character after heating the Fe coated sample to 750'C in the presence ofI hydrogen.

Raman spectra taken on the rough polycrystalline diamond surface before and after
cspolishing show that the Fe plate lapping produces an increase in the broad 1450-1600 cm- 7 peak

associated with sp2 bonded carbon. However, after mechanical surface polishing at roogm
temperature and vigorous cleaning, th 28. eV afer h eatite d is greatly reduced,
indicating that the nondiamond carbon material is localized at the film surface. SEM analysis
suggested that at least some of this sp2 bonded material might be in the form of polishing debris

bound at the surface by electrostatic forces.

idctnSPIE Vol 1325 Dnaiaond Opticsca (1990) / 225
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I The results of the XPS measurements on the smooth diamond surface and the Ranman
analysis of the rougher growth surface suggest that contact of the Fe plate with the diamond at
temperatures above 723*C produces loss of crystalline order, converting the outer surface to a
more graphitic sp 2 bonded carbon. This graphitic material is then removed from the diamond by
reaction with hydrogen and hydrogen atoms. It is also highly likely that iron carbide forms on
the surface of the polishing plate which is also etched away by reaction with hydrogen to form
methane.

The observation of graphitic carbon residue on the lapped diamond surface by Raman
scattering indicates that not all of the reacted diamond is removed by physical abrasion or
hydrogen etching. This residual sp 2 bonded material could possibly exist as polishing debris
attached to the surface or as material still chemically bound to the diamond that did notI experience sufficient etching by hydrogen to be removed.

3.2 Reactive ion etching of diamond

The major limitation to the rapid broad area polishing of thick diamond films is the
presence of large particulates of high defect density diamond carbon on the film surface. These
particulates are an artifact of the growth process. They are attributed to very rapid growthi occurring in local regions of high plasma density around particulate matter initially blown off
surfaces in the chamber and deposited on the substrate or particulates formed in the gas
phase. Such particulates can achieve dimensions of 20 to 100 om and cannot readily be removed
from the film by mechanical means. During Fe plate lapping these macroscopic particulates areI the only diamond surface initially in contact with the lapping plate, greatly reducing the area of
polish. Ion etching provides a means to selectively remove these large particulates from the
film before further surface polishing.

General area reactive plasma etching with either hydrogen or oxygen has been reported 3,4
and is known to attack nondiamond carbon preferentially. Since the larger particulates have
very high defect densities, they are generally more susceptible to ion etching than the strongly
faceted grains in the film and at 400-600*C in an oxygen plasma can be etched at a rate near
I lim per minute.

To insure that the reactive etching is confined to the regions of the large particulates a
nonreactive (Au), high-temperature coating can be applied to the whole film and then
selectively removed by physical polishing. The exposed areas then can be preferentially
etched. Figure 4 shows a micrograph of a 120 lm particle which has been greatly flattened by
oxygen plasma etching, while the surrounding finer grained diamond film is unreacted.

Through repetition of the surface coating, mechanical polish, and etching procedure a
surface can be obtained with a roughness below t 50 nm. Such films are suitable for LWIR
applications with no further surface polishing and the approach is suitable for shaped surfaces.

Figure 5 shows an infrared transmission spectrum taken from a I cm diameter region of a
35 un' thick diamond film after reactive etching and Fe plate lapping. The film, which was
initially totally scattering at wavelengths shorter than 10 lrm, shows significant improvement in
short wavelength infrared transmission, but does not achieve full optical clarity. The spectrum
still shows losses from hydrogen impurities in the film, intrinsic diamond absorption, and
retained local scattering centers not fully removed by the polishing process in this sample. Thedegree of improvement in surface roughness in the diamond films can be seen in the Dektak

profiles in Fig. 6. The unpolished film had a roughness exceeding t 100 nm and achieved a final
local roughness of less than t 10 nm after ion etching and Fe plate lapping.
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SIDE A

I Fig. 4. Electron micrographs showing the progress of local reactive etching of super-

micron scale diamond particles.

I 4. CONCLUSIONS

S~The combined use of high temperature reactive plasma etching and lapping with an FeI plate in a hydrogen atmosphere can produce a broad area optical Polish on the surface of
polycrystalline diamond films. The major limitations to the techniques are the stresses and
nonuniformities in the initial films themselves. Highly stressed films, poorly adhered to theirI substrates may not withstand the mechanical and thermal shocks associated with the polishing
techniques. However, low stress films deposited on silicon have been shown capable of attaining
an optical polish over regions of up to 2 cm in diameter.
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I LIQUID JET IMPACT MEASUREMENTS IN DIAMOND COATED Ge SUB8TRATES

N. Thomasa, D. Pricea, M. Wilsona, I. Pereza,
J.B. Boodeya, W.R. Scotta, R. Monroa, A.B. Harkerb

aNaval Air Development Center, Warminster PA 18974-5000

bRockwell International, Thousand Oaks, CA 91360

absatract
Liquid Jet impact measurements on 1/4" thick Ge flats

coated with diamond thin films of different thicknesses will
be reported. The threshold velocity (droplet velocity after
which fracture starts) will be measured as a function of dia-
mond film thickness. The damage evolution of the films as a
function of the droplet velocity will be monitored with lightscatterometry.

1. INTRODUCTION

Germanium is a material with optimal infrared (IR) prop-
erties but poor mechanical properties. Table I summarizes some
of the general physical properties of Ge. There it can be
seen that Ge has very small absorption in the 8-12 microns
range with very small 1,qspersion, but has a low fracture
toughness of .25 MPa m1 /2 and a fracture threshold velocity
(FTV)(velocity such that after 10 impacts fracture initiates)
of only 170 m/s for 2 mm spherical water droplets. The
purpose of this study is to use a diamond coating to enhance
the mechanical properties Of Ge domes, in particular the FTV,
without deteriorating its IR properties. Hard carbon coatings
have been used in the past on ZnS [1] and Ge (2] but with lessthan optimal results due to debonding problems of the
coatings.

Diamond film coatings were chosen for this study because
of their extreme mechanical and optical properties. Optical
quality diamond coatings are now readily produced through
various different plasma-enhanced chemical vapor deposition
(PECVD) techniques. As was mentioned above, proper bonding of
diamond to germanium is a major problem in the performance of
rain erosion resistant (RER) layers. This is a direct result
of the high normal and shear stresses produced during the drop
impact. This problem can be reduced by using thicker RER
layers at the expense of introducing more residual stress in
the film. Several multila}ar configurations have been produced
recently (3] and will be studied in this work. These
configurations enhance the bonding of diamond to Ge and

I
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provide adequate antireflecting (AR) capabilities in the 8-12
micron range. A more detailed description will be given in
the next section.

Table I. I
Physical 2ro2ertigs of ZnS, Ge and Diamond

Property ZnS Ge Diamond

Density (g 3) 4.08 5.3g 3.51
Kic (MPa -- __ . 6 7 a .25 >lc
Hardness M-Mohs (MPa) 1 7 8 0d 7 6 4 0 d 1 0 7d
Youngs Modulus (GPa) 7 4 .1a 1 5 6 e 1050f
Wave Vel. long.(m/s) 4 9 6 0 a 4 9 2 8 e 1 7 , 0 4 7gtrans.(m/s) 2 6 0 0 a 3 5 4 6 e 1 1 , 8 3 9g

Energy gap (eV)1 3.54 .67 5.4
Absorption (cm" 1 ) . 0 9 6 h . 0 2 2 h

Dispersion (10-2 Am-) 1 . 3 5 h . 0 8 8 h
Index of refraction 2.2 4.0 2.4

a W.F. Adler (1983)[4]
b Present work
c Paul Klocek [3]
d 1989-1990 CRC Handbook
e Metal Handbook, V1, ASM 1961
f ESNIB 91-01
g "Acoustic Fields and Waves in Solids", B. Auld (1973)
h @ 10 Am private communication

ZnS was not used in this study because of its larger
dispersion (almost two orders of magnitude larger) in the IR
region compared to Ge. The requirement for low dispersion in
the IR region becomes important in non-axial IR applications U
encountered in dome configurations.

2. EXPERIMENTAL METHODS

2.1 Materials
Ge flats were obtained from Optical Corporation of Amer-

ica. Ge boules were grown by the Czocharlski method and
diamond saw cut to 1/4" flats. Samples were diamond turned
producing a polished surface having a roughness of .1 micron.
Microstructural analysis revealed a small number of large
parallel twins in the samples. The average width of the twins
was measured to be 7 mm. This width is much larger than the
average impact site and therefore the flats were considered to
be single crystal for purposes of data analysis unless
specifically stated.

To improve the mechanical properties of Ge, diamond films
were deposited onto its surface. Two different processes were
followed for diamond thin film deposition. I In the first I

I
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I method a thick chalcogenide glass was deposited over Ge prior
to diamond deposition. This chalcogenide layer served as a
stress relief boundary layer and improved the bonding
properties between diamond and Ge. In the second process a
regular array of 5 microns wide by .1 micron deep grooves
separated by 25 microns were etched in the Ge surface to

enhance diamond growth and improve mechanical bonding. In
both processes diamond films were grown by a modified PECVD
technique developed at Rockwell Science Center (5]. The
diamond film thicknesses used in this study were 6 - 20
microns.
2.2 Liquid Drop Impacts

To simulate high velocity rain drop erosion a liquid jet
impact device was purchased from the Cavandish laboratories at
Cambridge. It has been demonstrated (6] that this device is
adequate for rain drop erosion simulation studies. In this
technique a lead slug is fired from a modified .22" caliber
air rifle into a momentum exchange steel block that extrudes
water from the inside of a stainless steel chamber. The
nozzle used in this study has an orifice of 0.8 mm. The
equivalent drop diameter varies from 3 - 4 mm in the velocity
range of interest to us. Because the drop size is dependent
on the liquid jet velocity, it is desirable to express the
results in a standard manner. The dynamic fracture criteria
has been used in this study for standardizing our results.
This criteria correlates the maximum stress and the impacttime with a degree of damage in the sample. Our standardized

drop diameter used in this study is 2 mm. After careful
testing and substantial improvements of the system [7],
deviations of less than 5% in the mean velocity of the liquid
jet were obtained. The velocities used in this study were in
the range of 170 m/s to 350 m/s.

2.3 Sample Characterization
Each sample was impacted up to 30 times in the same area.

After each impact a photograph of the impact site was taken, a
light scatter measurement was made of the impact site and a
infrared transmission measurement was made. All of this data
was then correlated to determine the the amount of light
scatter after which the window becomes unusable.

Light scatterometer measurements were used as a
nondestructive technique to quantify the amount of surface
damage. In a typical light scatter experiment, a
monochromatic laser beam was rastered across the surface of
the sample and the amount of scattered light was recorded. A
color plot, with different color codes for different amounts
of scattered radiation, was produced. This plot reflects the
amount of roughness over the surface of the sample. Regions
in this plot with a large amount of scatter radiation can be
correlated to regions of increased surface damage.

I
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3. RESULTS

Polymethylmethacrylate (PMMA) target specimens were used
in the initial phases of this study to characterize the shape
of the liquid jet and establish its velocity reproducibility.
For velocities of 280 m/s, the impressions produced by the
liquid jet were circular. For velocities of 170 m/s the
impressions produced by the liquid jet were not circular', but
formed a closed curve. In general the higher the velocity the
more circular was the shape of the impression left by the
liquid jet.

Our results in uncoated single crystals of Ge showed that
damage started after 10 impacts at a liquid jet velocity of
170 a/s. This corresponds to a FTV of 170 a/s in agreementwith previous results by (8].
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Reactive polishing of polycrystalline diamond and measured
spectroscopic properties

Alan B. Harker 3
Science Center, Rockwell International, P.O. Box 1085, Thousand Oaks, CA 91358

Abstract
The use of high temperature reactive etching and high temperature metal plate

polishing are being investigated for the preparatior ."oolycrystalline diamond optical
surfaces. These techniques have been applied to ' 5 cm diameter microwave CVD
diamond films with thicknesses ranging from 35 to 200 microns. The mechanism of
both processes have been established, and physical and chemical parameters limiting
scaling are being addressed. Correlations between Raman, microwave, and infrared
spectral data indicate that graphitic impurities control the absorption losses in the
polycrystalline samples.

1. INTRODUCTION I
High surface roughness is a major limiting feature in the adaptation of

polycrystalline diamond films for optical and friction reduction applications. I
Mechanical polishing is made difficult by the numerous facets on the surfaces and the
need to remove significant amounts of material (10 to 100 microns thickness) to
overcome surface non-uniformities produced during growth. It has been found that
surface polishing of diamond films can be achieved by heterogeneous reaction with I
iron at elevated temperatures (1,2), reaction with oxygen ions (2,3), and laser ablation
(4).

Current efforts in this laboratory are focused upon scaling the reactive polishing
processes up to samples of reasonable size (2 to 5 cm) for optical applications and
the extension of the techniques to shaped surfaces.

2. EXPERIMENTAL I
The diamond samples used in this study are grown by microwave CVD using a

1.5kW Applied Science magnetron source and coupler with an ultra-high vacuum allmetal sealed chamber. Samples are grown on Si and SiN, at temperatures of 450-9000C. The gas composition is normally 0.5 vol% CH,, 0.2 vol% O, in H,.

Two experimental systems are being used. The first is a modified Technics Planar
Etch II reactive etching system capable of operating at 650"C. The second is a dual I
rotation hot plate lapping system in an all metal vacuum chamber. The lapping
system uses radiant heating to achieve surface temperatures of up to 900"C on an g

I
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11 cm diameter iron, nickel, or cast iron plate in 2-12 kPa of H,. The plate and
sample are driven at speeds of 1 to 60 rpm by a voltage controlled motor and gear
system.

In the etching system, the diamond surface is first gold coated, then mechanically

lapped to expose the highest facets, followed by etching at 450 to 6500C for periods
of 5 to 20 minutes in oxygen. Repeating this process removes exposed features and
permits finish polishing on the hot metal plate or by standard mechanical lapping.

I 3. RESULTS AND DISCUSSION

X-ray photoelectron spectroscopy analysis of the surfaces in the high temperature
lapping system show the polishing processes to be o.ne of local graphitization of the
diamond, with carbon dissolving into the iron plate. Ihe process becomes effective
at temperatures above 725°C (the alpha to gamma phase transition of Fe) at which
point the solubility of carbon in Fe increases to 0.8wt%. At higher temperatures, up
to 9500C, the process is enhanced with thermal graphitization of the diamond
eventually occurring. The polishing process is limited by the stress induced curvature
in the polycrystalline samples, which limits plate-diamond contact and the need to
achieve polishing pressures of 40-60kPa on the substrates. However, under optimum
conditions, polishing rates of 2 to 5 microns/hr have been achieved with final surface
roughness of about + /- 10 nm.

The presence of macroscopic features on the polycrystalline diamond surface and
the desire to polish curved shapes has led to the development of the ion polishing
approach. The gold blocking layer is used in this method to avoid grain boundary
etching, which occurs about an order of magnitude faster than etching of the diamond
grains themselves. The etching periods are currently quite short (< 20 min at 6000C)
to avoid defect pitting and grain boundary etching. Etch rates of 1 micron/min can
be achieved for the larger surface particles, however, wide area etching rates are on
the order of 3-5 microns/hr. Currently, the limiting features of this process are grain
boundary etching and the formation of graphite on the diamond surface which inhibits

etching. Alternative gases to oxygen are being explored to overcome the graphite
passivation problem. Final surface roughness values of + /- 50 nm are obtained by
this process.

The ion etching approach has been found superior for surface smoothing to
prepare the samples for hot Fe plate lapping. Since stresses can induce over 100
microns in edge to center curvature in samples grown at higher temperatures, a
method of removing significant material is required to obtain an optically flat surface.

Infrared, Raman, and microwave spectroscopic analysis of the samples is being
carried out to ascertain the effects of polishing and to derive spectroscopic constants.
The Raman analyses indicate that the ion etching process leaves significant residual
graphitic carbon on the surfaces that must be mechanically removed. After final
lapping, IR spectra have been taken with samples ranging from 12 to 200 microns
thickness at wavelengths of 2 to 50 microns. In addition to the fundamental multi-
phonon mode, the most readily observable absorption is the C-H impurity stretch at
3.5 microns. The spectra also show an increasing transmission loss extending to
shorter wavelengths, consistent with either internal scatter or a very broad SWIR
absorption.

The presence of the broad loss in the SWIR transmission spectra correlates with

I
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any observable sp2 bonding in the Raman spectra and the measurement of a high
dielectric constant and loss tangent at 67 gHz in the microwave region.

4. CONCLUSIONS

Both high temperature polishing approaches can produce optical quality surface
finishes on polycrystalline diamond. The main limitations with the Fe plate lapping
approach are the mechanical and thermal problems associated with mechanical
operations at high temperatures. The ion etching approach is limited by grain
boundary etching and graphite formation.

Spectroscopic analysis of polished samples indicates that losses in the infrared
spectrum are associated with both hydrogen impurities and the presence of non-
diamond carbon. I

5. ACKNOWLEDGEMENTS

Portions of this research were sponsored by the office of Naval Research.

6. REFERENCES

1 M. Yhoshikawa, Diamond Optics III, eds. A. Feldman and S. Holly, SPIE
Proceedings Vol. 1325, (1990) 210.

2 A. Harker, J.F. Flintoff, and J.F. DeNatale, Diamond OQtics Ill, eds. A. Feldman.
and S. Holly, SPIE Proceedings Vol. 1325, (1990) 202. I

3 T. Zhao, D.F. Grogan, B.G. Bovard, H.A. Macleod, Diamond Optics 1ll, eds. A.
Feldman and S. Holly, SPIE Proceedings Vol. 1325, (1990) 142.

4 S. Tezuka and M. Yhoshikawa, New Diamond (Japanese), Vol. 17, (1990) 36.

I
I
1
I
1



I• I I I sI '|

Science Center

SC71046.FR

3
I
I

Appendix 10

Effects of Interfacial Modification on Diamond Film Adhesion

I
I
I
I
I
I
I
I
I
I

I

IC11D/c

U III



90 SPIE-The International Society for Optical Engineering

I
I
* Diamond Optics IV
I

Albert Feldman
Sandor Holly
Chairs/Editors

22-23 July 1991
San Diego, California

I
I
U
I
I
I

I,

n Volume 1534

I
U



I
Effects of interfacial modification on diamond film adhesion

J.F. DeNatale, J.F. Flintoff, and A.B. Harker I
Rockwell International Science Center

Thousand Oaks, CA 91360

ABSTRACT 3
Microlithographic surface patterning has been investigated as a means of improving

diamond film adhesion on noncompatible substrates. This technique produces significant
improvements in film adhesion beyond identical unpatterned substrates, although sufficient filmn
stresses can develop to induce subsurface substrate fracture. The substrate etching geometry
can be chosen to simultaneously produce an antireflective surface relief.

1. INTRODUCTION

Polycrystalline diamond thin films offer a unique combination of physical properties highly
desirable for optical device applications: high hardness, wideband transparency, chemical I
inertness, and high laser damage thresholds. Application of these coatings to optical device

structures, however, is often impeded by poor film adherence and surface roughness. While
films of substantial thickness can be produced routinely on Si, films grown on numerous other
optical materials under equivalent conditions often delaminate at thicknesses of only a few
microns due to lack of interfacial chemical bonding, intrinsic growth stresses and thermal
expansion mismatch. To fully exploit the potential of the diamond films in optical applications,
fabrication on less-compatible substrates must be addressed. Additionally, the highly faceted
polycrystalline diamond films cause high levels of scattering and normally must be polished to
achieve good optical transmission.

One approach to improving diamond film adhesion is the modification of the original film-
substrate interface. In this work, the use of microlithographic patterning of the substrate
surface has been investigated as a means of improving diamond film adhesion. Surface
patterning has been shown to allow control of film microstructure,' and the current work
demonstrates that it may also provide significant improvements in film adhesion and infraredtransmission.I

2. EXPERIMENTAL

For these experiments, fused silica and Ge substrates were used. The substrates were
patterned by standard photolithography and dry etching techniques, producing a grid pattern of
etched lines approximately I jim deep. The line widths were 1-3 jim, with center-to-center
separations of 10-15 )im. Diamond films were grown using microwave plasma CVD with a source
gas composition of 0.5% CH4, 0.2% 02, and the balance H 2. Substrate growth temperatures of I
750*C were used for the Si0 2 and 550°C for the Ge as determined by optical pyrometry.

Unpatterned substrates were included in the depositions for experimental comparison, with all
samples given identical diamond polish pretreatments to enhance film nucleation. 3

3. RESULTS AND DISCUSSION

Growth of the diamond film on the patterned SiO 2 was continued up to a thickness of i
approximately 24 urm. By contrast, the film on the bare substrate grown simultaneously began to
delaminate after thicknesses of approximately 1-2 um, demonstrating the adhesion improvement
associated with the microlithographic patterning. The patterned film surface continued to
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I
I exhibit the original substrate topology even after these thicknesses (Fig. 1). Also evident in

Fig. I is the appearance of surface cracking. Cross sectional examination in the scanning
electron microscope (SEM) revealed that these were not due to film delamination, but ratherI were associated with subsurface substrate fracture (Fig. 2). The interfacial integrity of the
film was maintained even at stresses sufficient to induce substrate fracture.

I
I
I
I
U
I

Fig. 1. Surface morphology of diamond film grown on etched SiO 2 .

I
I °r

I Fig. 2. Cross sectional SEM micrography illustrating subsurface fracture in SiO 2 substrate.

Similar results were obtained for growth on the patterned Ge substrates. Film adherence
on the patterned substrate was maintained to thicknesses beyond 30 urm, while on the
unpatterned substrate delamination occurred at approximately I pm. As observed with the SiO 2,

i the original surface pattern was maintained in the film even at substantial thicknesses (Fig 3).
Ultimately, however, sufficient stresses were generated by the growth process to induce
substrate fracture, with the original film-substrate interface still intact after fracture.

V
I
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I I

Fig. 3. Surface morphology of diamond film grown on etched Ge.

It is well established that the diamond films, with their high modulus and low thermal 3
expansion coefficients, can generate significant stresses. 2  This can induce substantial
curvature to bulk substrates, or even lead to substrate fracture as seen here. This type of
subsurface fracture by a thin film has been modeled by Drory et al. 3 In their analysis, both I
shallow and deep cracks will be generated in the substrate parallel to the film interface, with U
the crack depths related to the film and substrate thicknesses and elastic properties. Using the
appropriate values for the diamond film on SiO 2, one arrives at theoretical crack depths
consistent with those experimentally observed.

The use of substrate surface patterning, while improving diamond film adhesion, will
impact the optical performance of the device by the introduction of interfacial scatter. U
Modification of the pattern geometry can be made, however, to minimize this effect.
Comparison has been made between the original grid pattern and a square array of etched holes
of similar spacing. The array of holes reduces the area fraction being etched, significantly
reducing the scatter losses in the short wavelength infrared without sacrificing the adhesion
enhancement of the grid pattern. An example of the diamond film morphology on Ge produced
in this manner is shown in Fig. 4.

An alternate approach may be taken to mitigate the optical scatter losses of the surface
etching. Here, the etched geometry can be chosen small enough relative to the design
wavelength to prevent diffractive losses. In this manner, a fine-scale etched surface relief •
which progressively grades the effective index of refraction between that of air and the Ge i
substrate can be generated. This type of structure, commonly referred to as a "moth eye"
surface, can reduce Fresnel reflection losses to provide antireflective properties." Such an
antireflective surface relief structure has been fabricated using a polycrystalline diamond film
grown on an etched Ge substrate (Fig. 5).s By the appropriate choice of the etching geometry
and diamond film thickness, transmission levels in excess of 95% can be obtained (Fig. 6).

4. CONCLUSIONS I
Microlithographic patterning of substrate surfaces prior to diamond growth provides a

means of improving film adhesion beyond that of nonpatterned substrates. This offers a
potential method of diamond film growth on incompatible or poorly compatible substrates.

4
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Fig. 4. Diamond film grown on Ge substrate using etched hole array for adhesion enhancement.

I
I

I--

Fig. 5. SEM micrograph of diamond film antireflective surface on Ge.

Implementation of this technique for thick diamond films will require considerations of theI large stresses that may develop during film growth. For these cases the film stresses may
exceed the substrate fracture stress, causing subsurface failure. Certain regimes of
temperature and hydrocarbon content which produce reduced stresses in the diamond films have
been identified, 2 and growth under these conditions may permit thicker film development on the
patterned substrates. By appropriate choice of the etching geometry, this technique can be
further extended to the fabrication of diamond antireflective surfaces.

I
I
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Fabrication and characterization of diamond moth eye antireflective
surfaces on Ge

J. F. DeNatale, P. J. Hood, J. F. Flintoff, and A. B. Harker
Rockwell International Science Center. Thousand Oaks, California 91360

(Received 26 July 1991; accepted for publication 20 October 1991)

An antireflective coating on Ge which combines a polycrystalline diamond film with a
surface relief (moth eye) structure has been designed and successfully fabricated. This
progressive gradation in the effective refractive index between air and the substrate
has reduced Fresnel reflection losses to below 1%. This provides a means of overcoming the
high refractive index and surface roughness considerations that often limit optical

application of polycrystalline diamond thin films.

L INTRODUCTION "seeding" was conducted by sonicating the substrates in a

Polycrystalline diamond thin films offer a unique com- solution of submicron diamond particles dispersed in iso-

bination cf physical properties highly desirable for optical propanol, followed by an isopropanol rinse. This avoided
S device applications: high hardness, transparency from uv mechanical damage to the patterned substrate from dia-

to far infrared (IR), chemical inertness, and high laser mond paste abrasion. Diamond films were grown by mi-
damage thresholds. Application of these coatings to optical (PACVD) using 0.5% methane in hydrogen in a commer-
device, stturae , however, is often impeded by film adher- cial Astex reactor.

ence, surface roughness, and the relatively high refractive Infrared spectral response was characterized using a
index mismatch between air and the diamond films ( Perkin-Elmer 983G dispersive spectrophotometer. Micro-

2.4). structural analysis was performed using a Camscan scan-
Substrate surface etching has been demonstrated as a structral anaysswape using a Camscan scan-

means of microstructural control and adhesion improve- ning electron microscope (SEM). Laser durability testing
ment in diamond thin films on noncompatible substrates." 2  was performed by Montana Laser Optics, Inc., using a

Similarly, use of surface relief structures is effective in re- Lumonics pulsed CO2 laser.
ducing Fresnel reflection losses of high-index substrates. 3  Total integrated scatter at a wavelength of 10.6 pm
These latter structures, commonly referred to as "moth was measured using a chopped 10-W cw CO2 laser, inte-
eye" due to their natural analog, 4 use tapered surface pat- grating sphere, and pyroelectric detector. Forward and

terning (e.g., cones, pyramids) to progressively grade the backward scatter were measured with the sample at the

effective refractive index between that of air and the sub- entrance and exit apertures of the sphere, respectively. The

strate. Southweli 3 has treated the geometry of these surface measured signals were then correlated to an absolute scat-

relief profiles to optimize their antireflection properties on ter volume using samples with known transmission and
various substratesp reflection characteristics.

In this work, substrate surface etching has been inves-
tigated as a means of producing a diamond broadband Ill. RESULTS
antireflective coating on Ge. A. Spectral characteristics

IL. EXPERIMENT Measurement of the infrared transmission spectra of
the patterned substrate was made prior to diamond filmI The substrates used in these experiments were polished growth [Fig. I (a)]. Significant scattering losses are evident

Ge windows, 25 mm diameter by 6 mm thick. Substrates at shorter wavelengths; however, at longer wavelengths
were patterned by standard photolithographic techniques substrate transmission increases substantially. Peak trans-
using a contact mask and uv exposure. The pattern used in mittance above that of bare, unpatterned Ge indicates
this work was a square grid with lines 0.5 pm wide and 2.0 some AR properties are present even before deposition of
/im centerline spacing. The specific spacing, depth, and the diamond film. At this intermediate step in the fabrica-
cross-sectional geometry of the surface relief pattern tion process, however, the significant Fresnel reflection
strongly affect the antireflective (AR) and scatter proper- losses limit the peak transmittance of the aevice. Exami-
ties of the coating. 3 This interelement separation was cho- nation of the transmittance and specular reflectance data

sen to be small enough relative to the design wavelength to indicates that the scatter losses in the 8- to 10-pm wave-
prevent significant diffractive losses, yet to remain within length range are below 3% prior to diamond growth.
the fabrication limits of the process. After exposure and Subsequent deposition of the polycrystalline diamond
development, the sample was plasma etched to produce a layer produced a substantial increase in the IR transmit-
surface relief. tance [Fig. 1 (a)]. Based on a single surface reflection at anPrior to growth, the substrates were prepared with a air-Ge interface of 36%, clearly the diamond/moth eye
diamond pretreatment to enhance film nucleation. This structure provided nearly 100% transmission at its peak.
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FIG. 2. (a) Microstructure of diamond/surface relief structure (b) De-

0.30 - tail of surface structure.

0*0- reflectance spectra from the device illustrates the signifi-

0.16,- cant scattering losses present at shorter wavelengths and

the minimal losses at the transmission peak [Fig. 1(c)].
0.10- The total integrated scatter through 21r steradians was

FOr*ontSd measured to be 0.013+0.001. A portion of this scatter is
id believed due to degradation of the surface quality of the

2 " 8 10 12 backside surface during the high-temperature diamond
(c) WstaM 0i,1) growth process.

I FIG. 1. (a) Infrared transmittance spectra of etched Ge substrate before
and after deposition of the diamond film. (b) Infrared transmittance
spectra of final device with backside dielectric antireflective coating. (c)
Frontside and backside infrared specular reflectance spectra of final de- B. Microstructure
i ice. The microstructure of the composite structure is

shown in Figs. 2(a) and 2(b). This illustrates the highly
faceted morphology and crystallographic faulting common

To complete the device structure, a conventional thin-film to the diamond films under the low hydrocarbon growth
dielectric AR coating was deposited on the backside of the regime used in these experiments. The absence of substan-
substrate. The IR transmission spectra of the final device tial amounts of sp2 bonded carbon is confirmed by the
structure is shown in Fig. I(b), with a peak transmission Raman spectra of this sample (Fig. 3). Regions of the

i in excess of 95%. Comparison of frontside and backside diamond film directly above the Ge surface peaks appear to
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(a)
FIG, 3. Raman spectra of diamond film.

have adopted roughly spherical morphologies. This is con-
sistent with the extremely high specific surface energy of
diamond.5

In local regions of the sample, the diamond film could
be removed from the substrate, revealing the underlying
surface relief pattern. The pillars were characterized by a
tapered pyramidal geometry [Fig. 4(a)]. Examination of
the boundary regions of film disbonding revealed uniform
film coverage, with the diamond film following the surface
contours of the patterned Ge [Fig. 4(b)]. These removed
sections of film also allowed examination of the backside of
the film, i.e., the surface originally in contact with the
patterned Ge substrate. SEM micrographs of this back sur-
face (Fig. 5) demonstrate the high film density and lack of
observable porosity at the original substrate interface.
These micrographs show the degree to which the diamond (b)

film replicates the surface morphology of the Ge substrate. FIG. 4. (a) Ge surface relief underlying diamond film (b) Detail of
boundary region illustrating film profile

C. Laser damage testing

Measurements of the laser damage threshold fluences
were conducted for both the bare and diamond-coated Ge.
For the diamond-coated regions, a threshold fluence of 3.3
J/cm2 was measured, with a minimal spread of 0.04 J/cm2 .
The damage was characterized by local interfacial delam-
ination and substrate melting [Figs. 6(a) and 6(b)]. For
comparison, the minimum incident fluence for damage onI2the uncoated etched Ge surface was 7.6 J/cm2 , with local
regions undamaged up to 9.8 J/cm2. Micrographs of the
corresponding damage sites [Figs. 7(a) and 7(b)] reveal
that a similar type of damage by substrate melting has
occurred in the uncoated regions as well.

IV. DISCUSSION

Modeling of the predicted spectral performance was
conducted to compare with the measured data. For this
Sanalysis, a thickness profile for the substrate and diamond
film were assumed based on the SEM measurements (Fig.
8), assuming a fourfold symmetry about the substrate sur- FIG. 5. SEM micrograph of backside surface of diamond film grown on

face normal. Using this structure, the relative volume frac- patterned Ge surface.
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4. •, , late the spectral characteristics of an equivalent multilayer
s* dielectric stack. While this neglects the scatter losses at
30 short wavelengths, it does provide an indication of the gen-
&2 eral transmission levels expected around the design wave-IO length. The predicted transmittance spectra using this

structural approximation is shown in Fig. 10, assuming no
backside AR coating on the Ge. This figure also shows the

A -measured device performance prior to application of the
L- backside dielectric AR coating. Comparison of the model

with the measured spectra shows it to provide a reasonable

1.8 prediction of the transmission maximum and peak wave-
1A length range, as well as reproducing some of the wave-
1. length dependence of the measured device transmission. As

1 .. expected, the dielectric equivalent deviates substantially
0 0.2 O0. OA 0o. 1 1.2 1A 1.A 1 2-0

T ) from the measured response at wavelengths comparable to
the interelement separation.

FIG. 9. Calculated effective refractive index profile for the model struc- The reduced laser damage threshold of the uncoated
ture. Also shown is the discrete layer approximation used for the multi- motheye surface below that of a standard Ge optic is likely
layer dielectric equivalent, due to a combination of surface damage due to etching,

increased surface area, and the thermal transport reduction

imposed by the pyramidal feature geometry. This latter

+,--2 - (1 -)2[(2/•) - 1I/2. /2

The complex index of refraction

can be related to the complex dielectric function, ,? - ;- .-. --2.-

7=E' + ic", by' n2 _ 2 ','• .

c" = 2nk.

Figure 9 shows the resulting effective index profile de-
rived in this manner. The continuous effective index profile
was then segmented into discrete layers (Fig. 9), and the
layer thicknesses and effective indices were used to calcu-

(al

0.8 I , I ! I I I I I•''

0.7 "

06iftble Eutbl

FIG. 10. Predicted IR transmittance spectra for the diamond coating on
the Ge relief surface based on an equivalent multilayer dielectric stack. FIG. IL1 (a) Laser damage morphology for a diamond film on a planeIMeasured performance shown for comparison, parallel Si substrate (b) Detail of damage site.
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effect would be especially important in Ge due to the ther- V. CONCLUSIONS
mal runaway caused by increased free-carrier absorption The combination of a polycrystalline diamond film
with temperature. 9 The contributions from surface damage and surface relief patterning provides an effective anti-
can be minimized by process refinement, although surface reflective surface for high index substrates. Such use of a
area effects would be constrained by the necessary geome- diamond outer surface coating has the potential for in-

tries for antireflective properties. The thermal transport creased device mechanical durability beyond simple sur-

reduction due to the tapered feature profile, however, face relief structures. These devices are characterized by

would be inherent to the use of optimized surface relief high transmittance levels and minimal long wavelength
ructures in Go, although the consequences may be less scatter, in spite of their coarse-grained morphology. Fur-

struturs inGealtoughtheconequecesmayther refinement of these structures will address substrate

significant in other materials such as Si with lower thermal terfl qultyesec ill fort s s such
st and interfacial quality, especially for those materials such

runaway characteristics. as Ge for which diamond films suffer poor adherence.
Diamond films on plane parallel Si wafers prepared in

this laboratory have also been tested under these laser con- ACKNOWLEDGMENTS

ditions, and have shown substantially higher laser damage Portions of this work were sponsored by the Office of
thresholds. For those samples, damage also occurred by Naval Research.
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laser durability testing of the diamond-coated Ge motheye 2J. F. DeNatale, J. F. Flintoff, and A. B. Harker, J. Appl. Phys. 68, 4014
Sunderscores the importance of interfacial quality in the (1990).
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Adhesion improvement in diamond films
by microlithographic patterning

J. F. DENATALE. J. F. FLINTOFF, A. B. HARKER
Rockwell International Science Center, Thousand Oaks, CA 91360, USA

The use of microlithographic surface patterning has been investigated as a means of modifying
the nucleation and adhesion of diamond films on non-compatible substrates. Significant
improvements in film adhesion were achieved using this technique, to the point that interfacial
integrity was maintained even at stress levels which induced subsurface fracture in the
supporting substrate.

1. Introduction posited using microwave plasma CVD with a source
The recent advances in the low-pressure synthesis of gas composition of 0.5% CH4, 0.2% 02, and the
diamond thin films have the potential to impact balance H2. Substrate growth temperatures of 750-C
numerous technologies due to diamond's unique com- were used as determined by optical pyrometry. Un-
bination of optical, mechanical, and electrical prop- patterned substrates were also included in the depos-
erties. Formation of these films from hydrogen- itions for experimental comparison. All substrates
hydrocarbon gas mixtures has been demonstrated by were prepared using identical diamond polish pre-
a variety of techniques including hot filaments, micro- treatments to enhance film nucleation.
wave plasmas, and high velocity torches [I]. The vast
majority of the work described in the literature docu-
ments growth and characterization of diamond films 3. Results
on Si and carbide forming metallic substrates due to In the initial experiment, after approximately 16 h of
the relative ease of growth and adherence to these growth local film delamination was observed on the
materials. On many substrate materials, however, the unpatterned substrate, so no further film growth was
diamond films tend to exhibit poor adherence, and conducted on this substrate. The patterned substrate
typically disbond at thicknesses of the order of a few with the rounded etch profile exhibited local film
micrometres due to the development of intrinsic adhesion, although much of the film had already
growth and thermal mismatch stresses. To fully ex- disbonded. The films on the substrates patterned with
ploit the potential of the diamond films, fabrication on sharp etch profiles, however, maintained their integ-
less-compatible substrates must be addressed. One rity, demonstrating an improvement in adhesion asso-
approach investigated in this work has been the use of ciated with the patterning. The diamond film surfaces
microlithographic patterning of the substrate surface were characterized by highly faceted grains approxim-
prior to film deposition in order to improve film ately I to 2 pm in size.
adhesion. The surface patterning provides an in- Diamond growth was continued on these sub-
creased surface area for bonding, enhances film uni- strates, and even after a film thickness of 9 pm, the
formity [2] and, if the pattern is undercut, offers a topology of the initir!l pattern was still clearly evident
means of physically "locking" the film onto the sub- in the film (Fig. 2). Subsequent tests showed evidence
strate. This approach hasbeen found to significantly of the pattern to persist to film thicknesses of over
improve film adhesion. 24 pm. By this thickness, cracks had become apparent

in the film (Fig. 2). Cross-sectional SEM revealed,
however, that these were not the result of film de-

2. Experimental procedure lamination. Rather, the stresses generated by the
Fused silica windows were patterned by standard growing film and the high temperature processing
photolithography and dry etching techniques prior to induced subsurface fracture in the silica substrate itself
film growth. This produced grid patterns of I pm wide (Fig. 3). The integrity of the film-substrate interface
etched lines separated by 10 pm square spaces of was still maintained even after the substrate fracture.
unetched silica and 3 pmn lines separated by 15 pm. These micrographs further indicated a strongly col-
The depths of the etched lines were approximately umnar grain structure, with the etched lines character-
I pmn in all cases. Processing conditions that gave both ized by slightly inward sloping sides.
sharp sided and rounded etch profiles, respectively, A filamentary structure was observed in thý. regions
(Fig. I) were used to determine the effects of profile of the cracks (Fig. 4). This is attributed to H2 etching
geometry on film adhesion. Diamond films were de- of the SiO 2 substrate and the subsequent redeposition
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Figure I Comparison between SiO2 substrates with rounded and sharp etch profiles, respectively, prior to diamond growth

S.strates that, in addition to these uses, the technique
,, .,:.t•.,-•.k-'.,•~-••,. offers potential improvements in film adhesion.

• ' ;,•-•'-",•- -• ..s;•'•, Even though the profiles of the initial etched lines
-'."--•.~- .•-• .• did not have the desired undercut to physically con-
, ., • strain or "dovetail" the film into the substrate, the

process still produced substantial improvement in film
-•'-••÷-:..'••:,: adhesion. This is believed to be partially due to in-

creased surface area for film-substrate bonding and

.. • enhancement of fine grain nucleation and dense film
- • . microstructure. The diamond crystallites are a,'le to
- i grow around the sharp steps of the etched lines,

following the contours of the substrate surface pattern
(Fig. 5). This provides a means of resisting both planar

,• .IM and normal stresses which could induce film delamin-
ation. The minimal improvement in film adhesion

Figure 2 Surface morphology of diamond growth on patterned provd The mi n ded etched in fi m th at

Si' 2 . The film thickness is approximately 9 pm Note the provided by the rounded etched lines confirms that
development of surface cracks the sharp steps are critical to the effect; we anticipate

that with refinement of the etching profiles, even
further enhancements in film adhesion will be possible.

of reduced material. A similar structure was observed The cross-sectional microstructure of the diamond
to occur on Si substrates with sharp surface dis- film immediately above the patterned regions differed
continuities where the plasma intensity profile is significantly from the non-patterned regions, with the
highly non-uniform. individual columns of the former growing at acute

angles to each other and strongly impinging (Fig. 6).
The cross-sectional structure far from the unetched

4. Discussion regions was similar to that of the unetched control
Microlithographic patterning has been applied to dia- sample, with parallel columnar grains over the entire
mond film growth for controlled seeding [2-4] and film thickness. The expanding, columnar structure
microstructural control [2]. The current work demon- associated with the etched lines may be instrumental

........ __ _.... :: ,,.• .- "-*. ,, -. -.. .- ,

SI •-I , I

I)100 PsM 0Ji

Figure 3 Cross-sectional SEM micrograph l lustrating subsurface fracture in SiO, substrate after extended diamond growth
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Figure 4 Filamentairy microstructure obser ,ed in subsour ace cracks attributed to edepositnon Af reduced substrated mater al

*A

Figure 5 SEM micrograph of diamond crystallite growing around Fgqrr 6 Cross-sectlona) SEM micrograph illustrating eparidiny

the etched feature on a Si substrate columnar geometry in regions of sharply etched features in SiO,

in the stress characteristics of the film. An unpatterned observed crack geometries in this work are identical to
diamond film on Si may develop significant stresses of those described above, with both shallow and deep
either compressive or tensile nature during growth as substrate cracks running parallel to the film interface.
evidenced by the degree of substrate curvature. The Quantitative comparisons of the observed behavi-
expanding columnar grain geometries in the patterned our can be made to the crack depths predicted by the
films would tend to impose compressive stresses into theoretical models and experimental validatikuns of
the films as the columns grow and impinge. These [51 and [6]. A substrate to film thickness ratio of 100
stresses may actually help to balance the net stress in and an elastic modulus ratio of approximately 10 are
otherwise tensile films. Indeed, if this is the case then appropriate for the current experiments. The obser\cd
by tailoring the periodic spacing of these features, one ratio of crack depths to filn thickness are 10 and 3.5
may be able to independently exercise control over the for the deep and shallow cracks, respectively. This
stress state of a diamond thin film. In films that would compa -s to values of approximately 8 and 2. respect.
otherwise be compressive in nature, the patterning ively for the predictions of [6]
would accentuate the degree of stress. This is most
likely the case in the present experiments, with the
combined stresses ultimately exceeding the fracture 5. Conclusions
strength of the silica substrate. Microlithographic patterning of a substrate surface

The ultimate fracture of the SiO 2 surface is likely to prior to diamond growth provides a means of improv-
be due to a combination of intrinsic growth stresses ing film adhesion neyond that of non-patterned sub-
and thermal expansion mismatch at the high pro- strates. This technique has significan, application to
cessing temperatures. Additional reduction of tthe sur- the growth of diamond films on non-compatible sub-
face mechanical strength could have resulted from the strates. I he alteration of the growth geometries in the
hydrogen plasma environment, and further studies are regions of the patterning may be responsible for modi-
required to establish this. The subsurface fracture of a fication of the film stress, providing a means of control
substrate by a tensile thin film has been modelled by over the mechanical state of the resultant diamond
Drory and Fvans [51 and Drorv et al. [6] The tilm Implementation of thi, technique to thicket film
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U ABSTRACT

The magnitude of the residual stresses in thick samples of polycrystalline diamond were measured by
the sine squared, angular resolved x-ray diffraction (XRD) technique and by detailed analysis of electron
channeling patterns from individual grains in polished diamond films using a scanning electron microscope.
The XRD measurements were made on samples produced by both plasma torch and microwave plasma low
pressure growth techniques with a range of microstructures. Results show that residual levels of stress
±0.3 GPa can be generated inside the thinner films on substrates by thermal expansion mismatches, while
average residual stress in free standing 0.5 to 2 mm thick diamond plates is negligible. Within the individual
grains of the thicker films, localized stress variations on the order of ± 0 ; to 0.8 GPa can be distinguished.

1.0 INTRODUCTION

Both X-ray diffraction (XRD) and electron channeling techniques can be used to directly measure
strain. With XRD analysis the measurements are very sensitive because of the precision with which lattice
parameters can be determined. The primary drawback is that the measurements provide only an average strain
value in any defined direction and cannot resolve the spatially varying strain components. The geometric
analysis of electron channeling patterns is not quite as sensitive to lattice strain variations; however, it can be
used to determine the individual components of the strain and to map strain at the individual grain level. When
the stress is anisotropic, the electron channeling technique can also distinguish angular distortions in the
lattice. In both measurements, determining the residual stresses from strains in a diamond lattice is made
difficult because of the high modulus (CIi = 1076 GPa).

Polycrystalline diamond can currently be grown at low pressures by a number of plasma based
techniques, most of which are capable of producing large grained, high purity material after proper system
optimization. Along with this, however, has come the observation that growth and thermal expansion stresses
in the polycrystalline diamond are a significant factor in determining process yield and film properties. There
are several sources of stress in the growing diamond. These include thermal expansion mismatch with the
growth substrate, impurity inclusions, crystalline defects, and stresses produced by the evolution of the
characteristic columnar grain morphology.1 To rapidly optimize and scale growth processes for polycrystalline
diamond as well as to improve production yields, it is desirable to be able to both measure residual stress in
the material and to determine the related processing variables and microstructural features.

2.0 EXPERIMENTAL

Two techniques, angular resolved x-ray diffraction and electron beam channeling, have been
investigated for the measuremen! of strain in samples of polycrystalline diamond. Both techniques provide a
measurement of the lattice constants of the crystalline material and can be used to calculate stress levels withthe assumption of a value foi the elastic modulus.



I
2.1 Angular Resolved X-Ray diffraction 3

The XRD technique used in these measurements is based on a determination of the crystal lattice
d-spacing associated with a high angle reflection as a function of the angle of incidence of the excitation 3
source.2 In a randomly oriented polycrystalline diamond with significant lattice strain, a plot of the measured W
d-spacing versus the sine2 of the sample tilt angle (from normal to 450 off normal) will produce a straight line.
The slope and sign of the straight line can be converted to a measurement of the residual stress when a value U
for the modulus of the material is available.

In these measurements the hkl (331), 140.840 2-theta (d = 0.8182) reflection was observed at 11
separate sample tilt angles varying from 0 to 450 off normal using Cu k alpha radiation. Lattice spacings on
both sides of each polycrystalline diamond were measured. The standard deviation was calculated from the
scatter in the 11 lattice spacing measurements when plotted against the sine 2 value of the sample tilt angle.

2.2 Electron Channeling Contrast a
When an electron beam in a scanning electron microscope (SEM) is focused on a highly smooth 3

crystalline surface, those electrons backscattered from the surface have their scattering coefficient weakly
affected by the surface potential associated with the crystalline lattice. The backscattering coefficient is
maximized at critical beam orientations which satisfy the Bragg condition for the individual crystalline planes •
and so give rise to a channeling pattern when the angle of incidence of the electron beam is rocked about a
fixed location on the sample surface. 3 This two-dimensional pattern actually reflects the three dimensional
symmetry of the crystalline lattice through the higher order Laue zone (HOLZ) lines. The separation of the
channeling lines is sensitive to the lattice parameter and electron beam voltage.

A channeling pattern recorded from a <001> pole of a single MPACVD diamond grain in a
CAMSCAN SEM equipped for electron channeling is shown in Fig. 1, compared to the theoretical pattern. 3
The image is derived from electron scattering from the low index planes in this [001] zone as well as the
higher order planes close to it. In the absence of any lattice distortion the pattern reflects the four-fold
symmetry of the [001] orientation. The higher order planes produce the lower intensity detail in the central
region of the pattern and the lines from these planes are the most sensitive to changes in the lattice strain.

For any given crystal in which the electron beam voltage, crystal symmetry and lattice spacings are
known, the channeling pattern can be calculated and compared to the experimental data. However, in the case
of diamond and other nonconducting materials, the effects of sample charging must be taken into account. In U
an uncoated sample at high voltage, this charging can significantly retard the incident beam and accelerate the
backscattered electrons (or vice versa at low voltages). The calibration of the beam energy, in the presence of
such charging, can be done using the limit of the X-ray continuum emitted by the sample. This can be
measured by energy dispersive X-ray spectroscopy to an accuracy of ± 50 eV.

A computer program was developed to model the channeling patterns in diamond and silicon for 3
comparison with the observed data and for parametric sensitivity analyses of the HOLZ line positions with
respect to changes in the lattice spacings and angles. A study of strain in [001] silicon by Kozubowski4 used
the shift in the height of the triangle formed from the intersections of the (660) and two ( 571 ) HOLZ lines. 3
Our analyses used the (771) lines of the [001] diamond pattern, which are closer to the center, and are more
sensitive to lattice parameter variations because they have a larger value of the diffraction vector,g, and the
change of the Bragg angle is proportional to this magnitude. 3

The shifting of the HOLZ lines in the electron channeling patterns due to strain is derived from both the
change in the magnitude of Bragg angle, caused by the change of interplanar spacing and the change in the
orientation of the diffracting planes caused by rotation. Thus the former corresponds to a change in the
distance of the reciprocal lattice point from the origin while the latter is due to the rotation of a reciprocal lattice
point about the origin (i.e. the reorientation of the plane). The total angular change can be written as

I
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U �Ae ~ X..Ag -gEg

B* 2cos(O B) [E

where OB is the Bragg angle, A~p is the rotation of the plane, g is the diffraction vector of length Igi, and A gi is the change in the diffraction vector. The electron wavelength is represented by X and IEgI is the determinant
of the matrix Eg, which in turn is equal to e + I, where e is the strain tensor and I an unit matrix. The equation
is inexact due to the use of the small angle approximation where sine (AOB )= AOB and 1 - A6B 2 1.

I

* (a) (b)

771 771

UA

1- 771

*l (c)

Fig. 1. Experimental and computer simulated [001] channeling patterns from a single MPACVD diamond
i grain at 29.68 keV. a) Low order lines, b) higher order lines, c) calculated pattern.

* When the strain is anisotropic, the sensitivity is also determined by the orientation relationship between
the strain ellipsoid and the g vector. Thus the appropriate choice of the g vector can be used to maximize the
second term in the equation. The angular separation of the (771) lines in diamond are plotted as a function of
the strain along one of the principal axes in Fig.2 along with the corresponding stress value based on the
modulus.
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Fig. 2. The magnitude of the one dimensional lattice strain and corresponding residual stress as it varies with
the angular separation of the (771 ) HOLZ lines in the [001] channeling patterns from diamond at 29.68 keV.

-- 3.0 RESULTS

The results of the sine 2 measurements were reproducible, but do not give a clear picture of the residual
-- stresses in thicker polycrystalline diamond films. Table 1 shows the measured residual stress levels for several

thick diamond films and a single representative thinner film, both on and off, the silicon substrate. TheU measurement on the thinner film has good precision and shows a net compressive residual stress.
Remeasurement after substrate removal showed the net average stress to be zero with a large scatter in the
data. This measurement was typical for thinner films on silicon substrates. The results can be described by ai balance between growth stresses and the mismatch in the thermal expansion coefficients of the film and
substrate. The measured residual stress can vary in both magnitude and sign, depending on the growth
temperature, and is generally relieved when the substrate is removed.

I Table 1. Summary of sine2 XRD measurements of residual stress in polycrystalline diamond disks. All
samples were freestanding and polished, unless noted.

I Sample: Thickness and Stress StdDev Orientation and
Surface Description (MPa) (MPa) Growth Method

U Rockwell #1 (growth surface) -350 + 62 Moderate (220)
On Si Substrate, 0. 1mm thick MPACVD
(unpolished)

I Rockwell #1, Removed from Substrate
(growth surface) -10 ±200 Moderate (220)
(nucleation surface) -13 +200 MPACVD

E Raytheon D383(side 1) -55 +407 Minor (111)
(0.7mm thick) (side 2) 172 ±290 MPACVD
Raytheon H157-01 (side 1) -179 ±290 Minor (I 11)
0.5mm thick) (side 2) 69 +248 MPACVD
Norton (side 1) 40 ±300 Strong (220)
(0.5mm thick)(side 2) -20 ±140 TORCH

For the thicker, free standing diamond plates, the data show the average stress values to be well below
the large experimental value of the standard deviation. These measurements are biased by the texture and
columnar nature of the samples because the d-spacing values are only derived from those reflections normal to



I the incident x-rays. Hence, only those fine grains and renucleation centers which are inclined to the normal
growth axis contribute to the measurement. However, the very large standard deviation in the data suggests

I that the stresses in the sampled grains vary widely in magnitude and sign, and most realistically can be
described as microstresses. Hence, the measurements indicate that though the average residual stresses are
statistically near zero, the film probably contains significant levels (>250 MPa) of highly local microstresses.

The presence of large microstresses in CVD diamond is supported by the observation of microcracking
in growing specimens and by micro-raman scattering studies reported by Vestyck et al. 5 In that work, a
strain-induced splitting of the degeneracy in the 1332.5 cm-1 Raman fundamental was observed withinU individual diamond grains. Calibration studies have shown that stress in excess of 1 GPa is required to
remove the degeneracy of the Raman fundamental. These Raman measurements also demonstrate that the
shape and band center of the micro-Raman fundamental can vary greatly across highly local regions of CVD
diamond crystallites. The electron channeling contrast measurements provide another method to directly
observe lattice strain at the level of an individual grain.

Figures 3 and 4 show the results of the channeling strain measurements from patterns taken at the same
beam voltages rocking about the (001) axis at multiple sites in two different grains in a polished MPACVD
diamond plate 0.5 mm thick. The data are displayed in the form of contour lines within the grains, mapping
regions of similar lattice strain. The [001] patterns from various points within each grain were digitized, andI the angular separation between the individual (77 1) HOLZ lines and the angle between them were determined
directly from the relative line positions. The angular separation can be converted into absolute values of stress
(Fig. 2), but in Figs. 3 and 4 the values associated with the contour lines are simply the pixel width of the line
separations (± 1 pixel). Contour lines are also shown which correspond to the angle subtending the (771)
intersection, which is a direct measure of the distortion of the cubic symmetry along the [100] through the
grains.

The contour plots, while far from complete, do show that each grain contains a distribution of strain
levels, which can be interpreted as both increasing and decreasing about a "low point." This interpretation is
supported by the rotational strain measurement, in which the intersection angle of the HOLZ lines vary around

the central value of 90 degrees along the contours within the grains.

The results obtained from the <001> grains in Figs. 3. and 4 both indicate that the principal strains are
symmetrical around a grain edge and that the residual stresses differ by about a maximum of 1.5 GPa in the
larger elongated grain. In both grains there is also a local loss of cubic symmetry caused by the strains. In the
elongated grain, the loss of symmetry follows one of the intermediate contours of the principal strains. Since
the strains are anisotropic, quite likely the regions that retain the cubic symmetry are unstressed. Hence, in the

-- equiaxed grain, this assumption suggests a residual stress distribution of about ±0.6 GPa about the grain
center. For the elongated grain, the relaxed region follows the middle contour of the variation of the principal
strains, suggesting a residual stress distribution of ±0.8 GPa.

The absolute magnitude of these strains could be distinguished unequivocally if the beam electronI voltage at the sample surface could be uniquely calibrated. The limit of the maximum energy of the X-ray
continuum emitted from the sample provides the most accurate approximation to this voltage. At theI- microscope setting of 30 KeV this corresponded to 29.68 KeV and was used in the estimation of the
magnitude of the residual stress variations in the grains in Figs. 3 and 4 and in the quantative plot in Fig. 2.

These estimated residual stresses are somewhat smaller than those calculated from the micro-Raman
peak shift and splitting measurements on similar films reported earlier this year 5 . However, these data are
representative of only two grains in the bulk sample and far greater sampling is required for a full description

I of the stress magnitudes and distributions.

I
I
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I Fig. 3. Backscattered electron image from an [001] oriented equiaxed grain in a diamond film with contour
lines showing: a) The absolute magnitude (in digitization pixels) of the angular separation between the (-771)

i and (771) and c) The angle between (-771) and (771).

I and (7-7 1), b) The absolute magnitude (in digititization pixels)of the angular separation between the (-7-7 1)
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(31 = (clI + c22 + c33 ) El
02 = (Cl I + C22 + c3 ) -3
03 = (clH + c22+ C33 ) C3

where (cl -+ C22 + C33 ) is 1779 GPa. Thus for an average stress of 500 MPa (0.5 GPa) along the principal
axes, the isotropic strain is 2.8x10-4 ( 0.028% strain).Since the lattice parameter of diamond is 3.5669, such a
strain will change the lattice parameter to 3.5682 A when it is tensile and to 3.5656 when it is compressive.
These lattice parameter changes are more than a factor of 3 smaller than the 0.1% strain, which is considered
to be the limit to the resolution that has been achieved using data from electron channeling patterns in silicon.
However, in a free standing polished plate the strain will not be isotropic because the strain perpendicular to
the film can be relaxed by both macroscopic distortion and material removal. In such a case c3=0 and
01 = C11£ + C12e-2, 02 = C2181 + c22e2 and 03 = c31dl + c32E2.

In the event that the strain is symmetrical, i.e. el = e2, then 01 = (clI + C12)e, 02 = (C21 + C22)e and
03 = (c31 + C32)C. Under these circumstances an in-plane stress of 500 MPa would actually produce a strain
of 0.04% along the principal axes. Given sufficient resolution in the pattern these principal strains could be
determined directly by electron channeling in a <001> oriented film. Under the same circumstances these in-
plane strains would correspond to a mean stress (i.e. 1/3 (0l + 02 + 03)), which compares reasonably to the
levels of 0.2 to 0.5 GPa observed by X-ray diffraction in thinner films and the scatter level in the XRD data.
Very similar levels of sensitivity are predicted if the stress perpendicular to the film is assumed to be zero after
substrate removal and polishing.

The sine2 measurements combined with the electron channeling data suggest that even though bulk
CVD diamond plates contain no measurable average residual stress, there are still high levels of microstress
within the material. The microstresses appear to be localized in regions of opposite strain within the individual
grains and to be distributed in relation to grain shape and defect content.

The electron channeling technique seems to have sufficient sensitivity to map strain within grains of
CVD diamond, but improved calibration of the absolute electron beam energy at the surface is required to
achieve full quantification of the measurements.
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Diamond gradient index "moth-eye" antireflection surfaces for LWIR windows

Alan B. Harker and Jeffrey F. DeNatale

Rockwell International Science Center
Thousand Oaks, CA 91360

1. ABSTRACT

An optical surface can be microscopically textured in a pattern with physical features whose
I dimensions are below that of the operational wavelength to produce a physical gradient in the effective

optical index of refraction. The performance of such "moth-eye" surface features, typically cones or
pyramids, can be predicted based on dielectric mixture models by use of the optical properties of the baseK material and air. The performances of LWIR antireflective moth-eye surfaces formed in silicon,
germanium and diamond are consistent with theoretical predictions.

2. INTRODUCTION

The requirement for aircraft infrared (IR) radiation detection and imaging systems to operate inI adverse environments has increased the need for highly durable optical windows and antireflection (AR)
coatings to avoid impact erosion and damage by water, salt, and sand particles. Current aircraft IR
systems typically use zinc sulfide, zinc selenide, or germanium front windows to achieve long wavelength
(LWIR) operation with minimal absorption and scattering losses. Zinc sulfide and germanium have the
best mechanical properties of current LWIR window materials and can survive water particle impacts at
velocities up to about 200 m/sec before suffering erosion damage. 1,2

Since both zinc sulfide and germanium have a relatively high index of refraction, the erosion
resistance of the materials used in front surface dielectric stack AR coatings must be considered. Even
diamond, the most erosion resistant LWIR transparent material, has an index of refraction of 2.35 at
10 g.m wavelength and requires an AR coating to achieve maximum transmission. Such dielectric
coatings are typically prone to erosion and can be damaged by liquid and solid particles at velocities well
below that of the bulk window, causing scattering centers on the front surface.

In this paper, the use of surface relief texturing to produce a physical gradient in the index of
refraction (n) is explored for achieving LWIR reflection reduction. Such relief feature AR surfaces areI- known as moth-eye's, due to their similarity in form and function to the conical protuberances on the
corneas of the natural analogue. This concept is not new and has been the subject of study by several
researchers. 3-5 Recently in this laboratory, Southwell6 modeled the effect of surface relief featureI- configurations for the optimum AR properties, and DeNatale et a17 demonstrated a high performance
germanium-diamond moth-eye surface for application in the 8 to 12 p.m spectral region. These initial
-efforts are being extended to examine the effects of fabricated surface shapes and substrate materials onI optical and mechanical performance.

3. EXPERIMENTAL

Surface microlithographic patterning and etching of germanium and silicon were used to prepare a
range of surface relief textures. These patterned surfaces were characterized for AR performance and were
then used as substrates for the subsequent growth of diamond overlayers by microwave plasma assisted
chemical vapor deposition. All patterning was achieved by optical photolithography using standard
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I
semiconductor resists and etches. Masks were prepared by electron beam microlithography using a i
Cambridge EBMF 6.5 system, writing into PMMA resist. i

IR transmission and reflection measurements were carried out in a dual beam Perkin Elmer 3
spectrophotometer calibrated against gold mirror standards. Scattering measurements were made with a
gold coated total integrating sphere using 10.6 p.m wavelength CW C02 laser source. Physical
characterization was accomplished by low voltage imaging in a Camscan scanning electron microscope.

4.0 RESULTS

Southwell's 6 work has shown that a regular pyramidal surface-relief feature does not provide
optimum AR performance, and that the feature shapes must be more highly optimized with increasing
optical index of refraction in the bulk material. To achieve broadband AR properties in a moth-eye •
structure the fe.ture shapes must achieve a higher degree of curvature and taper as the index of the base
material increases. The primary consideration for the lower index materials is the spacing or period (p) of
the microscopic features and their height (h). The ratio of the relief feature height and period defines the
aspect ratio of the design (R = h/p). In general, the optical bandwidth of the moth-eye designs is limited
by grating effects and scatter at shorter wavelengths. To minimize these effects, the period should be less
than the design wavelength (X) divided by the index (ns) of the substrate (p < V/ns) and the height must be
greater than half the design wavelength (h > W2). These relationships, taken to the limiting case, show
that to obtain AR behavior over a wavelength factor of 2, the aspect ratio must approach the optical index U
of the substrate. Useful AR properties can be achieved at lower aspect ratios, but with reduced
bandwidth.

In germanium, which has n = 4, superior broadband AR performance in the LWIR would
generally be expected with the individual relief features spaced with a period of less than 2.5 p.m and a u
height of 5 to 10 gim. This packing density and height are quite difficult to achieve in polycrystalline
materials, using photolithography and etching. However, this problem can be circumvented, to a degree,
through the use of a two-layer moth-eye structure, combining Ge and diamond. The use of a surface layer
of lower index increases the degree of index gradation that can be accomplished in physical features of
lesser aspect ratio. Such a structure should also benefit mechanically from the high hardness and
toughness of the diamond outer layer.

To accomplish a two-layer moth-eye surface, the germanium was first patterned and plasma etched 3
to produce highly tapered features 2.25 gim on center, with a height of 1.25 p.m. These features were then
covered with a 1.0 jim thick layer of polycrystalline diamond. The initial and final surface morphologies
are shown in the electron micrograph (Fig. 1) along with the observed IR transmission of the part. The I
back surface of the germanium substrate was given a simple two-layer AR coating to reduce the back -
surface reflection. The peak transmission of the window was in excess of 95% at 9 gim wavelength with
minimal LWIR scattering. Total integrating scattering measurements on the two-layered relief surface
were made at 10.6 jim wavelength and showed scattering of less than 1.3% which included back surface
losses.

Lower optical index substrate materials have less stringent physical requirements for the moth-eye
feature aspect ratio; hence, relief features of varying heights and shapes were investigated in silicon and l
diamond. Silicon undergoes highly anisotropic etching which permits a range of regular surface features
to be fabricated, the most simple of which are arrays of tetrahedral pits crated by KOH etching of the
<100> crystalline surface. Figure 2 shows an electron micrograph of an array of such inverted pyramidal I
features with an on-center spacing of 3 p.m. Figure 2 also shows the "positive" replicate image of these -
etch pits formed by filling them with CVD diamond and then acid etching away the silicon. Such a
pyramidal feature shape, though not ideal, is suitable for moth-eye application if sufficient depth can be i
achieved. Figure 3. shows a calculation of the effect of the feature height on its AR performance in the IR
using a substrate index of 2.35 at 10 pm and ignoring both scatter and dispersion in the index. At feature

I
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- Fig. 1. Scanning electron micrograph of the surface morphology of a diamond-germanium moth-eye AR
surface and the observed IR transmission of the optical component.

I1I!

Fig. 2. Scanning electron micrographs of etched <100> silicon and a polycrystalline diamond replicate of
the etched surface.

depths greater than about 5 gtm, for the selected period of 2 pm, the calculated performance achieves that
of a two-layer, high-low dielectric coating.

Silicon's cubic structure limits the aspect ratio that can be achieved in pyramidal etch pits through
anisotropic etching. Isotropic etching of silicon can, however, be used with advanced resists to achieve pit
depths of over 4.5 pm with center-to-center spacing of 2 gm. These features are more columnar than
conical and their optical performance can be approximated by the use of a pyramid-on-a-column, obelisk
type, geometry. Figure 4 shows the predicted performance of such columnar features produced in
diamond as a function of the column height. Again, short wavelength scatter and dispersion in the
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Fig. 3. Calculated AR performance of diamond surfaces textured with pyramidal moth-eye features.
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adiamond have been neglected. The calculations do show that for a column spacing of 2 gim and a height
of bout 1.3 Itm with a 1.4 pIm pyramidal tip, transmission greater than 99% can be achieved at the design
wavelength of 10 pjm.

To test these predictions such columnar shapes were etched in silicon on both sides of a <100>
wafer. The reflection spectrum of the double-sided moth-eye window, Fig. 5a, shows the useful
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I
bandwidth of the AR surfaces to be roughly 8 to 12 gim in wavelength. The peak transmission of about
95% occurs at 7.5 pm as shown in Fig. 5b. The absorption features of the silicon substrate as well as the
long wavelength role-off of the antireflection texture limit the LWIR transmission.
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Fig.. 5. (a) IR reflection spectrum of a silicon wafer with a obelisk type moth-eye AR texture on both
surfaces. (b) IR transmission and surface morphology of the two-sided moth-eye silicon wafer.
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The obelisk texture moth-eye in silicon was fabricated to serve as a growth surface for diamond to
replicate the negative image of the texture and to shift the AR band center to longer wavelengths. The
resulting diamond surface structure is shown in the electron micrograph (Fig. 6). The diamond moth-eye
surface was produced in a 50 ýiLm thick film which was adhered to a germanium substrate forI characterization by an IR transparent adhesive, using index matching coatings at the interfaces to minimize
internal reflection losses in the stack. The resulting IR reflectance spectra of diamond adhered to
germanium with and without a moth-eye front surface are shown in Fig. 7. The diamond-on-germaniumI without the moth-eye has its spectrum dominated by the front surface diamond reflectance, 0.15, and the
Fresnel reflections from the interfaces of the composite stack, producing an average reflectance near 0.18
at 10 g.m wavelength. With the moth-eye surface present, the Fresnel reflections are greatly suppressed
and the average reflectance is reduced to about 0.07 at 10 gam. With a greater aspect ratio in the moth-eyeI texture, this value should drop to less than 0.05

Ii

Fig. 6. Scanning electron micrograph of a diamond moth-eye surface with columnar features.

I 0.5 PIN

0.4 II
'' Ii

0o.3 - ! ' r
, Flat Diamond Surface on Germanium

,-j. i j / ' , ,Vr\
0.2 i. / ' J , I\ j,

I01 " \ G\Moth-Eye Diamond Surface
on Germaniumt

Ol I

7 8 9 10 11 12 13 14
Wavelength (pm)

Fig. 7. Surface IR reflectance spectra of a 50 p.m thick diamond layer adhered to germanium with and
w'hout a moth-eye textured front surface.

266 / SPIE Vol. 1760 Window and Dome Technologies and Materials III (1992)



I
5.0 CONCLUSIONS

I Moth-eye surface texturing can produce effective reflection reduction in LWIR transparent
materials if the ratio of feature height to spacing can be made sufficiently great. The observed reflectanceI behavior of the textured surfaces agrees with predictions of dielectric mixture models, but is dominated at
shorter wavelengths by scattering phenomena. Significant improvement in moth-eye bandwidth and peak
reflectance reduction can be achieved in high index materials if a bi-layer index matched structure such as
diamond on germanium is used.

I The replication of surface features etched in silicon with polycrystalline diamond appears to be an
effective method of achieving a moth-eye AR surface for diamond front surface optics. Further researchI into the effects of feature shape is required to optimize the optical and mechanical performance of such AR
surfaces.
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I Direct observation of the defect structure of polycrystalline diamond
by scanning electron microscopy

A. B. Haker, J. F. DeNatale, and J. F. Flintoff
Rockwell International Science Center, Thousand Oaks, California 91362

J. J. Breen
Indiana University-Purdue University at Indianapolix Department of Chemistry.
Indianapoli& Indiana 46205-2810

(Received 21 September 1992; accepted for publication 25 March 1993)

A method has been demonstrated to directly observe the surface crystallography and defect
structures in diamond films by scanning electron microscopy. Individual diamond crystals in the
polycrystalline films are polished to a rms smoothness of less than 2 nm using iron metal at
temperatures in excess of 725 *C. In the absence of topography, the detailed microstructure of
the films can be characterized by secondary electron imaging in a scanning electron microscope
by charge-induced electron contrast which shows strong beam voltage dependence. It is
hypothesized that defects and grain boundaries form a connected pathway in the film which has
greater conductivity than the generally insulating diamond and creates the charge-induced
contrast.

I Extensive characterization has been conducted on low x-ray diffraction indicated a preferential (110) axis normal
pressure plasma torch and plasma assisted chemical vapor growth. SEM revealed the surfaces to have the morphology

I deposited (CVD) polycrystalline diamond films to relate typically associated with polycrystalline diamond films, but
the growth morphology to the properties of the substrate, the crystallographic defects that could be distinguished
the reaction kinetics, and the deposition conditions. 1-3 The were limited to those which affect the general crystal
observation of the development and growth relationships shape. 12

of defect structures in diamond, however, has been limited Both mechanical and reactive polishing were applied
to transmission electron microscopy studies of thin foils," to samples of the low pressure CVD grown polycrystalline
electron- and photon-induced fluorescence of electronic de- diamond films. Using successively finer levels of diamond
fects,7,s and interpretations based upon the relationships abrasive grit on a rotating wheel with oil, a final surface
between the general morphology and the crystal struc- roughness of + 30 nm was obtained by mechanical polish-
ture.9,10 However, to directly follow the generation of crys- ing. The secondary electron images of the unpolished and

I talline defects as a function of growth conditions and film mechanically polished surfaces in Fig. I show no micro-
thickness, it is necessary to have a microscope character- structural detail beyond the surface topology, with some
ization technique which can observe the detailed micro- indication of grain boundaries and porosity in the polished

i structure of the growing surface. surface.
Standard scanning electron microscopy (SEM) gener- High temperature iron metal polishing was also ap-

ally only produces images of topographic detail, not fine Higho em rure on metal polishing was oapscal crstalogrphi mirostuctreand ranmision plied to the surface of several polycrystalline diamond
scale crystallographic microstructure, and transmission films, by contacting the diamond surface with iron metal atS electron microscopy is applicable only to submicron- ate p r u eof7 5 50 in2 80 T rofh d g nf r
thickness films and foils. In this work, an approach has a Te e of i 2o 5 co in 20e Torrsofahydrogen for
been demonstrated to observe defect microstructures in . e 1 h. The hot iron contacting the diamond surface isotropi-
near-surface regions of polycrystalline diamond films in a cally removes carbon as iron carbide, which is subse-
standard scanning electron microscope. The approach is quently vaporized by the hydrogen atmosphere as meth-
based upon removing all surface topology by reactive iron ane. The details of the polishing approach are described* polishing of the diamond surface, and observing detailed elsewhere.t' 1.2 Following the reactive polish, the samples
microftr e byacharge-indce, d elecro n co taimag were cleaned by immersion in concentrated HF at 40 °C ining. a sonic bath. After cleaning, no residual iron was observ-Polycrystalline diamond films were grown on (100) able on the surface by energy dispersive x-ray fluorescence

silicon by low pressure microwave plasma assisted CVD in or x-ray photoelectron spectroscopy. Raman analysis of

an Applied Sciences reactor. A deposition pressure of 28 the reactively polished and HF washed surfaces showed no

Torr was used with a reaction mixture of 99.5% hydrogen observable increase in sp2 bonded carbon from the proce-
I and 0.5% methane at 700 TC. Characterization was carried dures.

out in a CAMSCAN scanning electron microscope. Opti- The areas of the diamond film brought into contact
cal microscopy showed the films to have grain size that with the iron achieved a high level of smoothness as shown
increased with film thickness and local surface roughness by the secondary electron micrographs in Fig. 2 taken at an
on the order of +0.5-2 um. Raman scattering spectros- incidence angle of 60' to the uncoated specimen. The mi-
copy showed the films to have primarily sp3 bonding and crograph provides topographic detail, but is incapable

I 3105 Appl. Phys. Left. 62 (24). 14 June 1993 0003-6951/93/243105-03$06.00 ! 1993 American Institute of Physics 3105
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(a) (b)

FIG. 1. Secondary electron micrographs of a polycrystalline diamond film (a) before and (b) after mechanical polishing.

of resolving the surface roughness or fine scale and atomic scale topography.13 AFM imaging revealed
microstructure. that the reactive polishing technique had removed the

Normal incidence secondary electron imaging of the "tops" of exposed diamond facets, leaving flattened sur-
reactively polished regions of the uncoated diamond re- faces with roughness of 1-2 nm rms. The AFM images did
vealed a time and beam voltage dependent electron con- not resolve any of the fine scale defect or grain boundary
trast. At voltages above 3 keV, well-resolved regions of microstructure in the polished regions.
dark contrast develop within a few seconds to clearly de- The direct observation of the defect microstructure of

fine the defect microstructure in the near-surface regions of grains in a polycrystalline diamond film by secondary elec-
the film. Figures 3 and 4 show two separate regions on the tron imaging in a scanning electron microscope has been
same diamond film with significantly different microstruc- demonstrated. The beam voltage and time dependence as-
tures. Figure 3 shows a 35-Itm-wide region of the film with sociated with the appearance of the images clearly shows
a random polycrystalline microstructure. Densely joined them to be produced by a charge-induced electron contrast
individual 3-5 jim sized grains are visible with parallel iin the generally insulating uncoated films. It is hypothe-
dark lines defining the presence of twin structures in the sized that the ability to form the images results from the
more lathlike grains (far right center). In Fig. 4, however, high degree of smoothness produced in the samples by
the characteristic low pressure diamond, fivefold defect6 is reactive iron polishing and the extreme nonconductive na-
clearly defined in a 15-20-pzm-wide crystalline grain, which ture of diamond. To the authors' knowledge, the observa-
also shows extensive twinning. This defect is formed by the tion of this level of microstructural detail by SEM has not
successive generation of multiple twins on the {I11 } planes been achieved with other materials and may be unique to
in the (211 ) direction around the (011) axis. Twinning is diamond.
also visible in the other polished regions of the sample as is Normal mechanical polishing [Figs. I (a) and I (b)]
the gross morphology of the unpolished areas. leaves sufficient surface roughness that the electron-beam-

Regions up to 12 by 12 Pm2 of the reactively polished induced charging in the uncoated samples is distributed
surface were imaged by atomic force microscopy (AFM) over the surface and the electron contrast image i% domi-
to obtain a quantitative measure of the surface roughness nated by

a |X,

FIG 2. Secondary electron image taken at an incident angle of 60r to the FIG 3 Secondary electron micrograph taken at normal incidence to a
diamond sample polished by hot-iron metal iron metal polished region of the diamond sampie.

3106 Appl. Phys Left.. Vol 62, No 24, 14 June s993 , ,Prer el al 3106I



because of the extremely low conductivity of diamond, but
may generalize to other nonconductive materials if appro-Ii
priate polishing techniques are available to achieve the re-
quired surface smoothness.

Developing growth process control over the crystalline
microstructure of synthetic diamond is critical to its even-
tual application as an electronic and optical material. To
accomplish this, microscopic characterization of the crys-

tallography and defect structure is required. The SEM mi-
crostructural characterization of diamond after hot-iron
reactive polishing can be applied to both thin and thick

-. samples and is nondestructive to the sample. The charac-
terization technique should provide valuable insights in
process optimization studies and in establishing the rela-
tionships between synthetic diamond properties and micro-

FIG. 4. Secondary electron micrograph of the defects in a single crystal- structures.

line grain of a polycrystalline diamond film. This work was sponsored by the Office of Naval Re-search.
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Charge-Sensitive Secondary Electron Imaging of Diamond
Microstructures

A.B. HARKER, D.G. HowrTr,* I.F. DENATALE, I.F. FLINTOFF

Rockwell International Science Center, Thousand Oaks, *Department of Chemical Engineering and Materials

Science, University of California at Davis, Davis, California, USA

Summary. The surface orientation and detailed de- 1990, Zhu et al. 1989). Observation of the diamond

fect microstructure of polycrystalline diamond can be film microstructure has been critical in establishing

observed in a scanning electron microscope through the relationships between growth parameters and the

local changes in the surface conductivity. The electron resulting electrical, optical, mechanical, and thermal
contrast in uncoated samples is straightforward to properties of the material. These studies have been

distinguish when the rms surface roughness is less limited primarily to transmission electron microscopy
than about 2 nm. This degree of smoothness occurs on (TEM) of thin foils (Zhu et al. 1989), electron- and
some of the faceted surfaces of individual diamond photon-induced fluorescence of electronic defects

grains but can also be achieved by polishing. The (Collins 1991, Yacobi et al. 1991) and interpretations
contrast, observable only in the secondary electron based on the relationships between general morphol-
imaging mode, shows a strong dependence on both ogy and the crystal structure (Ravi 1992). Recently we
beam voltage and current. It is postulated that the reported a charge-induced contrast imaging tech-
contrast is produced solely by the differential rate at nique for observing the detailed microstructure of the
which the electron beam-induced charge can be lo- diamond growth surface (Harker et al. 1993).

cally dissipated through crystalline defects and grain Scanning electron microscopy (SEM) investigations
boundaries in the otherwise highly nonconductive of diamond and other nonconducting materials are

diamond matrix. The appearance of the charge- usually either conducted at low voltage or the sample
related contrast requires that highly connected path- surfaces are coated with a very thin conductive layer of
ways exist between the crystalline defects and the carbon or gold for sample grounding. These tech-
high-angle grain boundaries. niques are employed because, when an insulating

specimen such as diamond is exposed to an electron
beam, a surface charge imbalance occurs which can

Key words: diamond, microstructure, defects, imag- inhibit secondary electron imaging of surface detail.
ing, charging The surface charging occurs because of the difference

carried out on between the rate at which electrons are deposited into

Extensive characterization has beencalliede outhat the specimen interior from inelastic scattering pro-
the growth morphology and crystalline defects that cesses and the rate at which secondary electrons
"proccur in polycrystalline diamond films formed by low- escape from the surface. The detailed nature and

pressure plasma-assisted chemical vapor deposition beam voltage and the current density dependence of

(PACVD) (DeNatale et at. 1991, Hetherington et al. the charging processes are related to both the intrinsic

secondary electron yield of the material being exam-
ined and the microscopic homogeneity of the particu-
lar specimen.

This work was sponsored by the Office of Naval Research. When an uncoated, relatively rough, polycrystalline

Address for reprints: diamond sample is examined at electron beam volt-
ages below the point at which strong surface charging

Alan B. Harker occurs, the secondary electron image is dominated by
Sc:ience Center the sample topography. This can be seen in the SEM
Rockwell International Corporation image in Figure 1 taken at 3 keV, In the micrograph
1049 Camino Dos Rios
P.O. Box 1085 the (111) faces of individual crystallites are well re-

Thousand Oaks, CA 91358, USA solved, and local regions of twinning can be distin-
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A.B. Harker et al.: Secondary SEM imaging of diamond microstructures 89

would be necessary to remove the general topography -

by fine-scale polishing. However, secondary electron
images recorded from a mechanically polished poly-
crystalline diamond surface did not exhibit the charge-
enhanced contrast effect. The samples had obtained a
30-40 nm roughness after extensive polishing with
successive size ranges of diamond abrasive with an oil
lubricant. The secondary electron contrast of the
uncoated polished samples was dominated by the
topography from the general polishing damage and
the grain boundaries.

Polycrystalline diamond films were also polished by
contacting their surfaces with a hot iron plate at
temperatures above 725°C in 80 torr of hydrogen. The
reaction of the iron with the diamond in the hydrogen
atmosphere converts the solid carbon to gaseous meth-
ane and acts to polish the surface to a very fine scale FIG. 4 Micrograph of highly polished "mesa" regions in a(Harker 1991, Yoshikawa 1990). Atomic force micros- polycrystalline diamond film produced by contact with iron in a
copy shows the polishing technique to be capable of hydrogen atmosphere at T > 725'C.
producing a subnanometer surface rms roughness
(Harker 1993). Figure 4 shows a secondary electron
micrograph of such a polished surface taken at a 60' by the characteristic fivefold reentrant twin character-
angle of incidence. The polished regions appear as istic of low pressure CVD diamond films (Ravi 1992).
mesas in the generally faceted diamond topography This defect is formed by the successive generation of
and have an rms roughness below2nm, as determined multiple twins on t111) planes in the (211) direction
by atomic force microscopy. around an (011) axis. Twinning is also visible in the

Imaging the mesa regions with a normal incidence other polished regions of the sample and contributes
beam, after increasing and decreasing the beam volt- as well to the morphology of the unpolished areas. For
age from 3 to 12 keV and then back to 3 keV, produces comparison, a high-magnification TEM micrograph of
the more detailed charge-enhanced contrast. The mi- a more clearly defined fivefold twin configuration is
crograph in Figure 5a, recorded at normal incidence shown in Figure 6, taken from a free-standing 200 nm
at 3 keV after exposure to the electron beam at 12 thick diamond film.
keV, shows a 20 micron wide polished region with The differential charge accumulation that occurs in
fine-scale grain structure and low defect density. the polished diamond surface produces detectable

Figure 5b is a micrograph of another polished defect contrast only in the low-energy secondary elec-
region of the same sample. In this region an individual tron imaging mode. The differential surface charging
10 micron crystallite has its microstructure dominated has little effect on the more energetic electrons ob-

IV

(a) (b)
FIG. 5 (a) Secondary electron micrograph taken at 3 keV, showing the fine grain structure of a polished CVD diamond surface after
exposure to a 12 keV electron beam. (b) Secondary electron micrograph taken at 3 keV after 12 keV exposure, showing the fivefold
twin defect characteristic of CVD diamond.
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I can be revealed by this technique if sufficient flatness
can be achieved on the surface. In this application,
however, we have been able to use the technique to
observe nondestructively the changes in the defect
microstructure in diamond films as a function of
growth conditions and film thickness. Individual grains
with highly smooth facets can be characterized with no
sample preparation, and regions up to several square
mm can be imaged with less than an hour of polishing
by the reactive iron contact approach. The character-
ization technique should provide valuable insights
into the continuing development of polycrystalline
diamond films for optical and electronic applications.
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Temperature dependence of absorption in CVD diamond

Michael E. Thomas

The Johns Hopkins University Applied Physics Laboratory
Laurel, Maryland 20723

Alan B. Harker

Rockwell International Science Center
Thousand Oaks, California 91360

ABSTRACT

The infrared transmittance of a high-optical-quality chemical vapor deposition (CVD) diamond sample was independently
measured by The Johns Hopkins University Applied Physics Laboratory, Rockwell International, and Texas Instruments, Inc.,
from room temperature to 780 K. At 0.745 mm thick, the sample is one of the thickest high-optical-quality CVD diamond samples
produced so far. Measurements were taken with both dual-beam grating spectrometers and a Fourier transform spectrometer so
that experimental artifacts of a particular instrument could be identified and reduced. The data sets were in good agreement from
room temperature to 780 K. This work definitively establishes the high-temperature optical properties of CVD diamond.

Keywords: CVD diamond, temperature, absorption coefficient

1. INTRODUCTION

Transmission measurements on thin samples of diamond in their transparency range aw- difficult to make accurately. Temperature-
dependent measurements are problematic because the furnace used to heat the samplt AC asource of stray radiation. In single-beam
specrometers. the sample can move, and the characteristic time interval between sample and reference runs leads to degradation
of baseline stability. Dual-beam spectrometers, which are typically grating spectrometers, have good absolute baseline stability,
but are limited in throughput for even moderate-resolution runs. The Fourier transform spectrometer (FTS) has good throughput
and high signal-to-noise performance, but it is a single-beam system and sensitive to baseline drift. Thus, for complete, accurate
characterization, each sample should be measured by multiple spectrometers.

In the study reported here, The Johns Hopkins University Applied Physics Laboratory (JHU/APL), Rockwell International
Science Center. and Texas Instruments, Inc. (TI), carried out temperature-dependent measurements on a single chemical vapor
deposition (C,'D) diamond sample using different spectrometers. The sample was manufactured by Raytheon. The study
objective was to experimentally establish the high-temperature optical properties of CVD diamond on the basis of multiple data
sets. The sample was 0.745 mm thick and displayed good optical quality (low scatter). The JHU/APL measurements were made
on an FTS. Rockwell and TI used dual-beam grating instruments. Measurements were taken from room temperature to 500"C.

2. EXPERIMENTAL PROCEDURE

2.1 Dual-beam spectrophotometrlc measurements

The transmission experiments at Rockwell were carried out in a commercial Perkin Elmer Model 983 dual-beam multi-grating
spectrophotometer, equipped with reflectance and high-temperature transmission accessories. The PE-983 system uses four
gratings and order-sorting filters to provide a scanninE tAndwidth from 5000 to 280 cm-1. The instrument maintains a uniform
signal-to-noise ratio across this spectral region by automatically adjusting the input slits to the monochromator section. This
feature reproducibly changes the resolution of the instrument in different spectral regions. Under the operating conditions used
with our sample. the approximate resolution in each spectral region was:



Wave number Slit Resolution
(cm-) (mm). (cm')

4000 0.652%' 24.7

3000 0.652 13.3 3
2000 0.469 12.0

1000 1.310 7.8 3
800 2.294 8.0

The sample was mounted for heating in the center of a 10-cm commercial SPECAC high-temperature transmission vacuum cell 3
with water-cooled walls and ZnSe windows. The observation field of view was restricted so that transmitted light was collected
from the central portion of the sample through a 0.5-cm aperture placed 6 cm from the sample. The temperature of the cell could
be ramped to 475°C and maintained within ±IC.

The measurement procedure was subject to error because the high-temperature cell had to be demounted and remounted for sample
insertion. To eliminate any non-reproducibility in the cell alignment, a dual-beam spectrum of the sample was collected in the
standard transmission mode and again at room temperature after the sample and vacuum cell were mounted. The ratio of these
two spectra provided a normalization function for correcting the background spectrum of the elevated-temperature runs. To verify
the validity of this normalization procedure, backgrounds measured with an empty vacuum cell at each temperature were
compared with those collected with no cell. The spectra showed no systematic deviations from the "no-cell" background other I
than a constant multiplier over the spectral range of 4000 to 700 cm- . At longer wavelengths, there were systematic trrors due
to emitted radiation from the empty vacuum furnace. II
Individual infrared spectra were collected at 22, 300, 400, and 475°C and recorded at five wave number intervals. No digital
averaging was applied to the individual points and no attempt was made to improve the statistics through spectrum averaging.
Three replicate measurements of the transmission spectrum of the diamond at 475° showed the measurements to be reproducible
within the signal-to-noise ratios of the individual measurements.

Transmission measurements at Texas Instruments were performed with a Perkin Elmer Model 883 infrared spectrophotometer
in double-beam mode. The instrument uses pre- and post-sample choppers and a phase-lock detection scheme to detect only the I
transmission of the source light and not the sample emission. Room-temperature transmission was measured using matching

11-mm-diameter circular apertures at the sample and reference mounts. For the elevated-temperature measurements, the sample
was mounted within an evacuated cell with CI1 windows that housed a helical cable heater. The transmission of the empty cell
varied less than 2% with temperature. Custom-fitted I-mm-thick copper rings around the sample ensured precision mechanical
contact between sample and heater. Temperature was measured via a thermocouple attached to one of the rings. The sample
temperature as a function of ring temperature was measured separately and the relationship was used to determine the sample
temperature during the transmission measurement to within 20C.

The monochromator program was set to maximize the signal-to-noise ratio for a 146-s scan from 4000 to 200 cm-1. The resulting
slit program yielded a resolution similar to that obtained with the PE 983 used by Rockwell. Each measurement was an average
of four scans at temperature. The high-temperature transmission measurements were normalized by the transmission of the empty
cell at th. ;ame temperature to eliminate cell-induced transmission features. The resulting error in transmission or wave number
above 400 cm-1 was approximately ±0.5%, corresponding to an extinction coefficient error for this sample of ±0.1 cm-Q. A few
artifact absorption bands introduced by the monochromator were as strong as 0.3 cm-1 but were narrow and well separated from
the two- and three-phonon features. Errors in determining the real average thickness of the wedged sample contributed to an error
in the magnitude of the absorption coefficient of about 2%. 3
2.2 Fourier transform spectrometric measurements

The transmission measurements at JHU/APLwere made with a BOMEM DA3.02 Fourier transform spectrometer configured with
a globar source. a Ge on KBr beamsplitter. and a MCT detector. The spectral range obtainable with this configuration is 500 to

I
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5000 cm- (2-20 um). A quartz-halogen lamp, quartz beamsplitter, and Si detector are used for near-infrared/visible measure-
ments. I'e er.:,re optical path of the spectrometer can be purged or evacuated. Room-temperature measurements are taken in the
purge mode, which minimizes the time between reference and sample spectra. System drift, which affects baseline stability, is
also minimized when the time between measurements is small.

Heated samples are measured in the vacuum mode, which improves the performance of the furnace and prevents oxidation of the
diamond samples. The furnace is a commercially available cell from SPECAC capable of operating from room temperature to
800 K. The sample temperature is monitored via a chromel/alumel (type K) thermocouple directly inserted into the stainless steel
cell. Water lines supply cooling water to ajacket between the furnace and the outer body of the cell, which is designed to suppress
heating of the outer Lody and reduce cell movement. The cell holds samples up to 1 in. in diameter and up to 0.25 in. thick. Typical
vacuum levels in the sample compartment are 0.8 to 0.5 tort. Since sample heating is slow (about 1.5 h to heat the sample from
room temperature to the highest temperature), the transmittance baseline can drift significantly (on the order of a few percent),
reducing the accuracy of the heated sample measurements. A post-data-collection baseline correction is required in these cases.
The resolution for these experiments is typically 4 cm-1 (0.04 pm at 10 pm).

The two main difficulties to be overcome with this single-beam system are (1) the effect of backward radiation from the furnace
towards the interferometer and (2) cell motion. Front and back cold shields on the furnace prevent furnace radiation from
illuminating the detector and the interferometer, and a wire screen attenuator between the furnace and the interferometer further
restricts backward radiation from the furnace that could lead to detector saturation. Backward radiation from the furnace towards
the interferometer returns modulated in the opposite sense of the main interferogram from the globar source. The resulting signal
reduction becomes significant at approximately 7 pm and increases at longer wavelengths. This effect has been reported in other
experiments,' including those employing grating spectrometers, but is not often appreciated as an experimental artifact.

We used two measurement approaches to attempt to compensate for these anomalies. First, we inserted small- and medium-
aperture cold shields betweern the cell and interferometer. The small-aperture cold shield effectively blocked the cell radiation,
but cell motion became a factor, leading to a uniformly depressed baseline as a function of temperature (Fig. la). We could
eliminate cell motion distortions by using a larger aperture, but cell radiation then affected the measurements (Fig. lb). The figures
show the magnitude of the baseline reduction with temperature for the two apertures. In each case, the system ratioed a reference
room-temperature transmission measurement with no sample present to a transmission measurement with the empty cell at the
temperature listed in the figure. We used these curves to correct our transmittance measurements at temperatures above 500 K
in the 8- to 20-pm region.

For the JHU/APL study, the diamond samples were contained in a nickel holder with a clear aperture of 7 mm. We first collected
a reference spectrum with no sample present, and then measured transmittance with the sample at the focus of a 3.5-mm-diameterI f4 beam.

3. DATA ANALYSIS

Transmittance measurements can used to obtain the extinction coefficient 0., which is the sum of the absorption coefficient O.
and the scatter coefficient 1., when single scatter occurs. A straightforward procedure can be applied in the case of diamond
because it has low dispersion in the infrared.

The specular transmittance r through a medium of refractive index n, is given by

I I- R[n(v), Oj ]} e-0,,,€'d€O')
7fn(v), 0lj - j- R2[n%,),0je (1)

where v is the wave number, d is the thickness of the medium, 0e is the angle of incidence, R is the single-surface power reflection
coefficient, and

Id(9 1) - ~/s sin-'(!.sinei)] (2)
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Figure 1. Transmittance baseline measurements on a Fourier transform spectrometer as a function of cell temperature for (a) a 3
small aperture and (b) a large aperture between the cell and interferometer.

U
Al measurements are made near the normal so that 0, = 0 and the distance traveled in the medium essentially is the sample
thickness. If we assume that RI is small and exp(-.6d) is close to 1, then the transmittance can be expanded to become I

I - ,Rezd R2(1 - e-2Omdr-e-s 3
1+R (i +,R) 2  (3)
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I BecauseR isbasically constant with frequency overthe experimental range(500to 5000Scm -), this formula can be used to directly
reduce the transmittance to the extinction coefficient. For diamond, the ratio (1 - R)/(R + 1) (the lossless transmittance) is 0.714.
The last term of the expansion is small, typically less than 1% unless tie absorption is strong, which is never taw for measurements
on thin samples.

4. RESULTS

Figure 2 displays the spectrometer measurements on a CVD sample at room temperature, including laser calorimetry
measurements obtained at 10.6 pm.2 It is interesting to note that the calorimetry data range over the same values as the transmittance
data. All measurements agree closely in the two-phonon region (the TI data are slightly lower). In the three-phonon region, the
JHU/APL measurements are slightly higher. (The Rockwell and TI data end at 4000 cm-1.) The four-phonon band is observed
in one of the APL measurements. However, scattering generally masks the weak four-phonon band in CVD diamond, and a second
scan of a region of the sample with higher scatter does not show the band structure. Figure 2 establishes the consistency of the
different room-temperature measurement techniques used by JHU/APL and Rockwell for obtaining the absolute extinction
coefficient.

Figures 3 and 4 compare extinction coefficients collected at intermediate temperatures. Agreement is reasonably good, although
the APL data are consistently lower than Rockwell's because they were measured at a lower temperature.
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I Figure 2. Comparison of spectrometer measurements by JHU/APL (solid and dotted lines), Rockwell (dashed line), and Texas

Instruments (dash-dot line), and laser calorimetry measurements at 944 cm -i(0) of the extinction coefficient of a common CVD
diamond sample at room temperature.
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Figure 3. Temperature-dependent extinction coefficient of a common CVD diamond sample versus wave number at 573 K and
476 K (Rockwell-solid line, JHU/APL,-dotted line). 3
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Figure 4. Temperature-dependent extinction coefficient of a common CVD diamond sample versus wave number at

673 K and 629 K (Rockwell-solid line, JHU/APL--dotted line).
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Figure 5. Comparison of spectrometer measurements by JHU/APL (dash-dot line, 788 K), Rockwell (dashed line, 748 K), and
TI (solid line, 743 K) of the extinction coefficient of a common CVD diamond sample. The coefficient for experimental natural

I type Ila diamond (dotted line, 771 K) and the APLmultiphonon model absorption coefficient (solid, smooth curve) are also shown.

Figure 5 compares JHU/APL, Rockwell, and TI measurements of the extinction coefficient at temperatures around 770 K. The
values of the APL and Rockwell measurements in the two-phonon region are very close; the TI results are slightly lower. The peak

I value is approximately 17.5 cm- 1 . In the three-phonon region, the Rockwell and TI data agree closely and the JHU/APL data are
slightly higher. This trend was also observed at room temperature. The figure also shows the experimental absorption coefficient
of natural type Ila diamond measured at JHU/APL The type Ha diamond absorption coefficient data form a lower bound to the

I CVD results, as expected. The JHU/APL multiphonon model for diamond absorption 3 is shown by the solid, smooth curve in the
figure. It underpredicts the experimental attenuation of CVD diamond, partly because the model does not include scatter.

S. CONCLUSIONS

I- Transmittance measurements on a common CVD diamond sample by different facilities were in good agreement, establishing the
high-temperature (up to 800 K) infrared extinction coefficient of CVD diamond. These measurements are difficult because of
background noise in the 10-lm region.
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3 ABSTRACT

Relationships between growth conditions, microstructure andI residual stress in microwave plasma assisted CVD grown
polycrystalline diamond are being studied by a range of
techniques. Characterization tools include angle resolved x-ray
diffraction, channeling electron microscopy, convergent beam
electron diffraction, and stimulated fluorescence. Thick and
thin film samples with one dimensional crystalline orientation
are being characterized to isolate microstructural effects.

Abstract submitted for presentation in the NIST Workshop on
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